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. BLASTIO PROPERTIES OF CHANNELS WITH
' UNFLANGED LIGHTENING EOLES

.By Alfred 5. Niles N =

' SUMMARY ~

Flfty—eight 1ightened and f1Ve unlightened aluminum—'

alloy channels were tested as simply supported beams in
pure and/ez simple bending produced by loads parallel to
the plane of symmetry,and flftywthree 1ightened and four
unlightened aluminum-alloy channels were similarly tested
under loads parallel to the back, in order %o develop °
empirical formulas for the effect of unflanged lightenlng
holes in the back on the position of the" effective cen-—
troid and on the magnitude of the effectlve moment of

iy -

inertia of the section. TForty lightened and four unlighit-

ened aluminum-alloy channels were tested as pin-ended
columns to determine the effect of unfldnged lightening
holes in the back on the position of the effective centrol
and the column stiffness. Reagonable empirical formulas
for these effects were developed from the test data. An
empirical formula was also developed for estimating the
effect of unflanged lightening holes on the deflection of
& channsl due to shear deformation,

Fifty-six lightened and seven unlightened aluminum—
alloy channels wers tested as cantilever beams to deter-
mine the effect of unflanged lightening ‘holesg in the back
on the location of the shear center, and a reasonable
empirical rule’ to allow for this effect was developed.
Additional data from these tests were studied in an un-
eucceesful attempt to develop a reasonable formula for
the effect of unflanged 1ightening holes on the torsional
gstiffness of a channel

INTRODUCTION- - -~ R
In 1934-35 an tnitial study of the effect of light=

ening holes on the elastic properties of channels was

d
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made by Mr. C, Glasgow, who tested 20 aluminum-—alloy
specimens in compression and in bending due to loads in
the plane of symmetry. The chief result of his work was
to indicate that, until the effects of unflanged holes
had been more definitely determined, further study should
be regtricted to channels with holes of that type.

Studieg of the effect of unflanged or "plain® holes
were carried out by Messrs. ¥. C., Allen and J. C. Silliman
in 1936-37, Messrs. A. J. Carsh and J. W. Park in 1937-38,
Mr. J, W. Scardbrough, Jr., in 1939-40, and by Mr. R. J.
Wellman in 1940-41, The present report covers the work
of these later investigators, as combined and analyzed by
the writer,

The objectives of the testes under consideration were
to determine the influence of plain round holes in the
web of a channsl on:

1. Stiffness msgainst bending produced by forces
parallel to the principal axes of the cross
sections

. 2. Stiffness against torsional deformation

B.IThe location of ths resultant axial compression
compatible with zero transverse deflection

4, The position of the shear center of the cross
section

These influences were not determined for all the
specimens tested, but each was determined from emnough
specinmens .to permit the development of some empirical
design rules.

Prosecution of the project covered by this report
was made possible by the gift of test specimens from the
Boeing Airplane Co. and the former Northrop Aircraft, Inc.,
now the Bl Segundo Division of the Douglas Aircraft Co. ,
Inc., and financial support from the National Advisory
Committee for Aeronauntics, The writer of the present re-—
port wishes to acknowledge also his debt to the students
who carried out the tests reported upon: Messrs. F. C.
Allen; A, J. Carah; C. Glasgow; J. W. Park; J, W, .
Scarbrough, Jr.; J. C, Silliman, Jr.y and R. J, Wellman.
Thanks are also due to Messrs. R. Jackason for assistlng
in the tests; H. Ponsford and A, E. Anderson for preparing
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diagrams and.sipilar work; F. D. Banham, W. H, Cadwell,
and T, J. Palmateer for construcfing test equlpment ana
Professors M, 8. Eugo, C. Moser "and S. Timoshenko for
helpful. advice to both. the’ wrlter and ﬁhe students who
did the actual testing.. = ; _ o =

TEST MATERTAL

The teste covered in. this’ report were made on a
group of 178-T aluminum—alloy channels donated to Allen
and Silliman by the Boeing Aircraft Co. and a group of
245-T aluminum—alloy channels donated to*Allen and
Silliman by the former Northrop Aircraft, Inc., now the EL
Segundo Division of the Douglas Alrcraft 00., Inc.

The major dimensions of the specimens shown in fig-
ure 1 are listed in table 1. In this table and in the
remainder of the report specimens furnished by Boeing are
indicated by a plus sign and those furnished by Northrop,
by & minus sign preceding the specimsen number. In tabls
1 the over—all width of back B, the over—all width of
.8ide S, the lightening-hola diametsr“ D, and the
lightening-hole pitch P are nominal dimensions. The
thicknesses t were obtained by weighing the spescimens
and computing the thickness from the weight and the de-—
veloped area was obtained by assuming a density of B.1®l1
pound per cubic inch. Numerous check measuresments of the
thickness were made with micrometer calipers; but, as
there was considerable variation in the observed thick-—
nesgeg of individual specimens, the values computed from
the weights are considered mors reliabdle. Although these
thicknesses are recorded to three 31gn1ficant figures,
the third figure is not reliable. .

3
In the "11ghtening parameter" D°/Pb, Db 1is the
distance B-t Dbetween the midlines of the .channel legs.
This parameter multtplied by 2517 1is the percentage of
the area of the harck occupied by the holes.

Since the‘investigation was limited to the influence
of holes on the:glgggig propertieg of the specimensg, the
only material properties of interest were Young's modulus
E gand the shegring modulus G, Tests were made to check
the Young's modulus of a few of the spec1mens and the re—
sults varied little from the standard values used in the
analysis of test results, More such tests might have
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been made, had it besen coinsidered that the results would
have justified the trouble. The elastic properties,
however, are not subject to such wide variatione as prop-—
erties like the yield and ultimate gtresses and the
objective of the study was to obtain empirical formulas
that could be applied to "run of the mill" material rather
than to validate a refined theoretical analysis. Further—
more, in a consultation with enginsers of the Nationsal
Bureau of Standards no practicable method of checking the
shearing modulus of the thin flat sheets used in the
specimens was suggested. It was therefore declded to make
all computations on the basis of the standard values

B =.10,300,000 pounds per square inchk =and G = 3,850,000
pounds per square inch, ' -

APPARATUS AND TEST PROCEDURE

Types of Test

The tests woere of four types:

l. Tests with the channel simply supported near each
end and subjected %o transverse loads acting
in the plane of gymmetry of the specimen

2. Tests with the channel simply supported near each
end and subjected to transverse loads acting
in a plane, parallel to the webd, which passed
through the experimentally determined shear
centers of the spscimen ecross sections

3. Tests with the channel.supvorted as a cantilever
and subjected to a concentrated load, &%t the
free end, aeting parallel to the web

- B - -t . - . hd -

4. Tests with the channel supported between knife
edges, or their equivalent, parallel to the
web, and loaded as & pln—ended column

The first two types of test were ussd to determine
the apparent stiffness EI in bending, Most of these
tests were made with two concentrated loads 8o propors -
tioned that the portion of the span between those loads
would be sudbjected to "pure' bending. The remainder were
made with a single concentrated load at midspan, 1In this
report the resulting combination of phear and bending is
termed "gimple bending."

A 4
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The third type of test was made to determine exXp6&T—
imentally the location of the shear center ,to determine
the torsiohal ' stiffness of the member ¢, and to ob—
tain an-additional value of the apparent stlffness EI
in bending. The combination of transverse ghear and
bending used in this type of test might. also be catled
simple . bending, but is termed 4in this repork- "cantilever
bending" ' to distinguish it from the conditions existing
in the first two types of test T

B o _-- .r——L_Y

The fourth type of test was made to determine (l)
the anparent 8tiffness ‘EI ' from the action of. tng_speci—
men as & long pin-ended column, and (B) the position
necessary for the resultant axial 1oad if no-lateral
bending were %0’ result from its avplication For’ conven—
ience -this position is termed the "effective.centrdid" of
the section, and the llne parallel to.the.web of the .
specimen. which ragses through the- effectlve ‘oéntroid ig

called. the'"effective neutral ax1s“ cf_tne specimen. -

Teete'of Simply Supported Specimens - P

Load in plane of symmetrz - A genaral .view of the

apparatus constructed and used by Allen and Silliman for
their tests of the first type is given in figure 2. The
method of applying the load is shown diagrammatically in
figure 3. The weight of the shot bags placed on the 1oadb.
pan W was transmitted by wires the horizontal loading -
bar H, =and the cross arms - C to the loading rods 4,
which rested directly on the specimen. The specimen was,
in turn, supported through the reaction rollers 3B, which
rested.in V—shape grooves in the cabt—iron blocks indi-~
cated at X in figure 4. Near one end the.specimen™ [ ..
rested ‘directly on the reaction roller gs shown in fig—“
ure 5. " Near the ofther end it was separated from the .
reaction roller by the roller pad (R . in fig, 4) shown ~
in figure 6, which:allowed that end of the specimen to;f
move horizontally without restraint. .The. loading rods”
and reaction rollers were held "in the desired locations
by the loading templet T, This is compoged of twd =~
parallel steel plates, slotted to receive the rods and™”
rollers, reinforced longitudinally by angle irons, and
held. apart by four steel spacing plates. All the teets
of Allen and Siiliman were made with the central portion
of the specimen subjected.to pure bending; so the loading
rods wére placed in the two slots located 4 inches from
those for the reaction rollers, as shown in figures 2
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and 4, The distance between the slotg fer the reaction
rollers was 32 inches., Deflections of the specimen at
or near the supports, loading points, and mldspan were
made by means of Ames dial gages supported from a wood
plank, which was supported in turmn from the main I-beam.

The testing procedure was simple. . The specimen was
ueaually so located that the lightening holes were sym-—
metrical about midspan, the loading rods and reaction
rollers located by means of the templet assembly, and the
dial gages put in position to measure the vertlcal move-—
ments of the four rods and the wed of the specimen st
midspan., After a tare load of 5 or 10 pounds had been
placed in the load pan to take up any Ysieck,” each .dial
gage was sst to read zero. Loads were added in 5-~, 10-,
or 25-pound increments, according to the size of the
specimen, until it was estimated that a maximum stress
about equal to one-half the yleld voint of the material
had been reached. Since there seemed to be & glight
amount of friction between the loading rods and the edges
of the templet slots, those rods were lightly tapped
after each load increment before the disl—gage readings
were recorded. It wms found that this tapping made it
possible to:-0btein much straighter load-deflection
diagramg from the recorded data. After the maximum de—
gired load had been reached, the specimen was unloaded
in equal eteps and the dial-gage readings were recorded,
In this- manner.the deflection readings for each load
were checked.. - 4 sample data sheet is shown in table Al,

In order to compute the stiffness EI from the
observed deflectlons, the readings of dials 2 and 4 at
the lomding points were subtracted from those of dial &
at midspan, The average of thege differences: ‘was_then
teken as the deflection.of the point at midspan from a
straight line joining the points of load application.
These deflections were next plotted against the loads
producing them and the. slope of the stralght line de-—
termined by them was computed. The value of §/W thus
obtained was then inserted in the appropriete beam deflec—
tion formula, which then was solved for &EI. The result-
ing values of EIxx are recorded in tadbles 2 and 3.

Essentially the same. testing apparatus and procedure
were employed by Wellman in tests with the plane of load—
ing normal to the back of the channel., A somewhat differ-—
ent procedure, however, was used for computing the.
"obgerved EIN. from the obgerved deflections. Instead
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6f plotting the differsnces between the midpoint deflec—
tion and the sverage of the load—point deflectlons, a
separate curve was plotted for the deflections of each of
those'points and also those of the reaction points under
dials 1 and 5,  The value of §/W inserted in the beam
defleétion formula was then the difference between the :
slope of the line plotted from the deflections at dial 3
and the asverage of the a/W values obtained from the
lines representing the deflections at dials 2 and 4. The
stiffnesses EI obtained in this manner are termed "pure
bending stiffnesses.” In addition, the value of §/W

for the midspan was subtracted from the average of the

8/W values for the support polnts and the result inserted
in the appropriate beam deflection formula, which was
gsolved to obtain the value of EI termed the "two-load
bending stiffness.’ Both these -values are listed in
tables 2 and 4, : e o .

Load parelliel to web.— For the tests on simply
supported beams with the plane of loading parsasllel to
the web, it was necessary to make some minor changes in
the test apparatus and procedure. Had the lozding rods
and reaction rollers rested directly against the &pecimen,
the plane of loading would not have passed through the
shear centers 'of the cross sections and the specimen
would have been subjected to torsion as well as bending.

This was circumvented by the use of the loading frames

shown in figure 7. ' These frames were made of square—
section steel bars held together with macliine screws.
Hardened knife edges were ingset in the upper and lower
memberg in such position that the specimen could be
located with its shear cénter on the line joining the
knlfe edges. The specimen was held in the desired posi-
tion with reference to the frame by machlne ‘screws and
blocks of synthetic resin, as -shown in figure 7, 1In the
tests the loading rods rested on the upper knife edges
of the frames at the loading points. At the reactions
the lower knife edge of one frame rested on the reaction
roller, while that at the other end rested on the top of
the roller pad. When the specimen was loaded and sup-—
ported in this manner, it was unstable with respect to
rotation about a longitudinal axis. To prevent 1t from
rolling over, the vertical guides shown in figure 8 were
clamped to the I-besam nsar each end of the specimen.

Except for the mse of the loading frames and end
guidés, the mpparatus and procedure of Carah and Park
for tests in pure bending with the plane of loading
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parallel to the web were essentially the same as those of
Allen.and Silliman for tests with the loads normal to the
web. One minor change slso was made by Carah and Park in
the determination of the effective EI from the  test data.
Allen and B8illiman measured the deflection of. the points
of load application by dial gages measuring the vertical
movements of the loading rods. Carah and Park attached
small synthetic-resin blocks to the channel web with their
upper surfaces at midheight of the specimen, Since the

- loading frames mede it impossible to place these dlocks
exactly at the loading points, they were placed a little
closer to the midspan, so that the dial-gage spindles
would clear the loading frames., The formula for computing
EI from the deflections was suitably modified to allow
for the actual distance between the points at which the
deflections were measured. Scarbrough and Wellmen made
their tests in pure bending with the loads parallel to

the web in essentially the same manner as Carah and Park.
Their chief modification was to omit the use of blocks
attached to the web for measuring deflections and to meas—
uwre the deflection of. points on the upper flange as close
as possible to the web. :

In addition to the tests in pure bendzng, Carah and
Park Scarbrough -and Wellman made tests 1In simple bending
with the loads parallel to the web. In these tests the
horizontal "loading bar was dispensed with and the load pan
hung from a single loading rod placed in the slots at the
center of the templet. In these tests it was necessary to
measure the defldctions at dbut three points, at each reac-—
tion, and near the loading point at midspan. The method
of determining epparent” EI from the test date was essen—
tially the same as in the pure bending tests; the pertinent
dimensions and the observed values of 5/W were inserted
in the appropriate beam deflection formula, which was
solved for .EI. :

The values of apparent EI obtained in both pure
and ‘simple bending tests are recorded in table 5. W¥Wellman
algo used data from his tests, made primarily to odtain
the stiffness in pure bending, to .obtain stiffnesses in
"two-—load bending" similar to thosd he obtained from the
tests with the loads normal to the back of the specimen
These results also are recorded in table 5,
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CantileVer-Beam Tests L

In the third type of test one end of the specimen
was clamped to a heavy. vertical steel column in such a
manner as to minimize possible rotatidn at that end. At
‘the free end a T—sghape fitting hed its'vertical'member
bolted to the web at midheight, the cross bar forming a
horizontal platform on which the load could be applied
at varying. distances from the'wed of the specimen. The
load pan was suspended from a steel loading bar which
rested on the cross bar of the T-shape fitting, In order
to have single-point contact between these two members a
"small hole was drilled in the loading bar, into which a
bearing ball was forcéd. The position of the bearing
- ball with respect to the wed of the specimen was measured
by & micrometer screw attached to the loading bar. In -
the first group of these tests, those made by Carah and
Park, the deflection of the free end of the specimen was
measured by an Ames dlal ‘gage supported from & platform
resting on the floor of ‘the laboratory. In the game
tests the rotation of the épecimen was determined from
the vertical movement of .the ends of a steel rod passing
through, and normal to, the web a short disztance from the
fres end These deflectiéne were medfured by dial gages
gupported from the same platform as the gage megsuring
the deflection of the end:of the specimen. The arrange—
ment of these gages and other apparatus at the free end
of the specimen is shown in figure 9. . I
The specimen was first clamped to the vertical sup-

port with 4its wed in a vertical plane &nd its-longitudinal
axis horizontal. The dial gages were then get to zero and
load applied in small increments. After each increment of
load the channel was tapped lightly to eliminate friction
effects, and the load bar was shifted in position by the
micrometer gcrew until the deflections of the ends of the
transverse rod were edqual. When the twist of the speci-
men had been thus eliminated, it was consldered that the
point of load application wae coincident with tle shear
center of the cross ssction. The position of the point

of load application and the dial-—gage readings were then
recorded, as shown in table A2. A load-deflection curve

was plotted as ‘the test procesded and care was taken to

keep the imposed load below the magnitudes that pight

cause yielding of the material or buckling of the member,

In thess tests it was noticed that the position of the
gshear center seemed to change slightly under low loads bdut
eventually reached & etable position, as shown by the
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curve of figure Al. The shear—center distances recorded
in table 5 are based upon the locatlons at which the
larger loads produced torsionless beénding., The apparent
EI in cantilever bending was obtained by inserting the
slope of the load-deflection curve in ithe. appropriate
beam—deflection formula. The results of these computa—
tions are also included in table 5,

: A few tests were made by Carsh and Park to determine
the critical load under cantilever loading. L With the
channel firmly clamped in place as a cantilever beam, the
loading device was fixed in position. As in the shear-
center tests the web was adjusted to a vertical position
and the channel leveled. The two sides gages were then
placed under the cross bar and set at zero with the free
end of the specimen under no load. Since the shear center
tended to shift slightly under low loads, increments of
welght were added and the load position adjusted each time
until no further shift was necessary, as determined by
equal deflectlons of the two side gages. These gages were
then removed and the load increased until the channel
buckled. Deflections wers not measured in these tests.

In order that the specimens used in these tedts would
not be permanently damaged, & platform of shot—bags was
built up to about one-~half inch of the lower surface of
the specimen, This caught the member after buckling took
place and prevented permanent deformation of the aluminum—
alloy specimens. This precaution appeared to be effective
since the members were nbdt .damaged by .the buckling, but,
upon releaging the load and applying it a second time, the
critical load was found to be practically unchanged.

In parallel tests to determine the critical load, the
weight was applied at the centroid of the section as deter-
mined by computation. Otherwise the.tests were carried
out in the same manner as those with the load applied at
the shear center. The critical loads found in these two
groups of ftTests were observed end argq listed in table 6,

Scarbrough and Wellman's cantilever—beam tests were
made with the same apparatus, except for the ‘deflection
and rotation measuring systems, as those of Carah and Park.
The angle of torsional rotation was measured by the uwse of
8 telescope and vertical meter stick attached to a steel
tripod located several feet from the loaded end of the
specimenr and a mirror glued to the loaded end of thé spec—
imen opposite the scale,” The scale realding was reflected
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from the. mirror to the telescope as sghown in figures 10
and 11.

In order to preclude errors due to rotation of the
specimen at the gupported end, the deflections of the
free end were measursd from a reference bar attached to
the web of the specimen a small distance from the sup-— o
perted end, as shown in figure 12, When the member
deflected under loasd, the reference. bar remained parallesl
to the line tangent to the elastic curve at the connection
point. To obtain sufficient rigidity the referencd bar
and the vertical member connecting it to the web of the
specimen were braced by = diagonal member, zs canr be seen
from figure 10, In order to measure the deflections of
the free end of the specimen with respect to the refer—
ence bar, a standard micrometer screw was set veritically
in a steel block bolted to the end of that bar. Contact
between the screw and the specimen was indicated by the
closing of a 1%—volt electrical circuit, as shown in fig-
ure 13. A pointed cap mounted on the end of the microm—
eter screw contacted mercury in a emall basin attached
to the top flange of the test specimen so as to complete
the circuit and light a flash11ght buldb. . _ . -

In starting a test the point of application of the
load was set near the expected location of the shear
center, and the distance from the back of the channel
was measured with the micrometer screw and recorded.

Load increments of from 2 to B pounds were applied reade
ings on the scale were made through the telescope and
recorded, and a "load-rotation" (actually a load against
scale readlng) dlagram was plotted as the test proceeded,
The load was carried only to values which would cause

no buckling of the flanges. The test was then repeated
with the load application point reset, preferably on

the opposite side of the shear center (so as to causs -
rotation in the opposite direction). Typical load-rotation
diagrams are shown in figure A2, In order to . find the
position of the shear center, the slopes dR/dW of the
lines plotted from these tests were plotted against the .
distance from the back of the channel to the point of load
application, Since the torsional rigidity of eéach partic-
ular channel is a constant, a straight line drawn between
the two points should intersect the axis (zero slope) at
the shear—center distance, as shown in figure 43, The
point of load application was therefors set at the loca—
tion determined in this manner and the test repeated, Irf
any rotation occurred, and it usually did, the point of
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load application was again moved slightly And the test
repeated until any rotation lndicated by the scrle read-
ings was negligible. This system of measuring rotations
not only was more sensitive than that of Carsh and Park
but also lent itself to a determinntion of the apparent
torsional stiffness of the ehannel,

The observed tersionsl stiffness of the specimens
is reported in tadble 5 in the form of values of - My /9,

in which 6 is the rotation in radianeg of the mirror
near the frese end of the specimen produced by a constant
torsional moment My. In computing these figures My

was taken as the product of a convenient load imcrement
AW and the distance &' from the experimentally located
;shear center t.0 the actual point of load apnlication.

As can be sesn from figure 11, for the small rotations
. encountered, 0.1 radian or_less, 8 could be obtained
from the‘relation 8 = AR/RL, where AR 1ig the change

in"meter—stick readings produced by thv impositlion of AY,
and 'Ly {%is the distance from the meter stick fo the mir-
ror attached to the specimen. Use of these expressions
produces the relation :

¥~ 3 L.a' A% (1)
8 AR

in which L, 'must Dbe measured in the same units as AR.

Since the separate tests on a single specimen did not
always give the samse value for 4'AW/AR, this guantity
was computed for each position of the 1oad and the aver—
age ueged in the expression for nt/e to get the value

given in table 5. Where there was considerable spread
in the magnitudes of d'AW/AR, those deviating exces—
sively from the mean were neglected in computing that
value, Usually this meant neglecting values obtained
from tests. . in which d4' was relatively large.

Column Tests

The column tegts of Allen and Silliman were made
in 2 hand-operated 20,000-pound-capacity Olsen
testing machine, with the specimegn located between
knife edges parallel to the plane of its wed. In
order to permit controlled changes in the distance
between the plane of the knife edges and the plane of
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the ehannel web, the end fittings shown in figure 14

were used. In this fitting the lower plate rests directly
on the knife edgs. The upper plate slides on the lower;
its movement normal to the knife edge is effected by the
screw, the head of which appears in the figure at the .
right—-hand side of the fitting. The horizontal distance
from -the back of the channel to the plane of the knife
edges ip measured by the micrometer supported from the
lower plate. The deflection of the specimen at midspan
wes measured by the dial-gage arrangement shown in fig-—
ure 15, The gages were mounted on the operating screws
of the testing machine in such a manner that the tips of
the spindles opposed esach déther, This practically elim-
inated the undesirable unbalanced side load which the
spring in a single dial gage would have prodiced. When
the effective neutral axzis had been approximately located,
however, these gages were removed so the ultimate load
would be unaffected by uncertain midspan conditlons. The
ends of the specimens werse embedded in type-metal pads to
prevent local fallure of the thin sections being tested.
It was found later that such pads were unnecéssary and
they were omitted in Wellman's tests.

In testing, the specimen was carefully located in
a vertical position with its weDd parallel to the knife
edges and subjected to & tare load of about 70 pounds.
The channel was then moved by'manipulation of the end
fittings until the knife edges were in line with the es—
timated posgition of the effective neutral axis. Addi-"
tional load was then impossed and the amount and the
direction of the midspan deflection were noted. The load
was then reduced to the tare value and the position of
the specimen with respect to the knife edges changed so
as to reduce the eccentricity loading. This procedure
wag repeated with the spscimen subgected to larger and
larger loads as the eccentricity was reduced until the
poeition 8t which there would be no transverse deflection
prior to buckling had been bracketed within a range of
0. 0L0O inch or less. At this stage the midepan dials were
removed and the specimen tested to buckling failure.

Wellman, in his column tests, used different apparatus
from that employed dy Allen and Silliman. Hig specimens
were strained by the 200,000-—pound Riehle testing machine
and the axial loads were measured by the combination of
the 20,000-pound—~capacity Emery hydraulic capsule and _
Bourdon tube gage employed in the tests reported in refer—
ence 1. A general view of this arrangement ie shown in
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figure 16. He also constructed a new palr of end fit-
tinge. ’ : :

h

In the Allen and Silliman tests the "pin-ended length®"
of the specimen, measured between the knife edges, exceeded
the actual length of the gpecimen by adout 1& inches. 1In
order to eliminate the uncertain effect of the stiffness L
of the end Fitt{ngs on tiae EBuler load of the specimen,
Wellman used the fittings, similar to those described by
H. Barlow 4in reference 2, which are shown in figure 17,
Each fitting consisted of a round steel loading bar
mounted between two ball-bearing rings, which in turn were
held by a steel U-~frame. .The loadlng bar was notched to
a depth .3/16 inch greater than one-half the diameter of
the loading bar. This allowed the top surface of a movable
platform made of hardened steel, 3/16 inch thick, to rest
at @& depth of exactly one-half the dlameter of the loading
bar, so as to permit the location of the neutral -axis of
the specimen on the center line of rotation., The actual .
movement of the platform was effected by means of the ad—
Justing screw shown just below the micrometer in figure 17,
On one side of this movable platform was a raised edge 1/8 ’
inch high'y againsgt which the back of the spscimen rested.
The position of the channel with respect to the center of
rotation of the cylinder was measured by means of a microm—
eter shown in figure 17, just above the platform adjusting.
screw. Arms to carry a weight to counterbalance any ini- -1
tial moment set up by the micrometers were attached to the
ends of the movable cylinders. In using this fitting, the
effective pin-ended length of the .column was the ‘distance
between loading platforme and therefore Just equal to the
length of the specimen. o

Aside from the use of the new end fittings and the
omisglion of the type-metal pads on the ends of the speci-~ .
mens, Wellman's procedure was the same as that of Allen
and Silliman, In both sets of column teste, the major
recorded quantities were the critical load in pounds and
the distances from the reference point to the back surface
of the specimen near its ends. The former was inserted in
the Buler formula for pin-—ended columns

=N 2 . .
I, = P°L /w (2)

to determine the "column stiffness," From the latter
the distance from the surface of the back of the specimen
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to the effective neutral axis Y, was readily obtainad.

The observed values of EIe and . Yo are listed in
table 2. . ' L N

TEST RESULTS
Properties in Bending about X-X Axis

Values of EIgxy obtained from tests in bending with
the plane of loasding perpendicular to the back of the
gspecimen are listed 4in tables 2, 3, and 4. Most of these
tests were made with the downward loads applied at the
free sdges of the Tlanges and the point midway between
those loads also midway between the centers of mdjacent
holeocs. The results of the tests with the specimen in. .
this "back down pitch centered" position are listed in
"table 2. In this-table the values obtained by Allen and
Silliman for 'EIl. from their tests in pure bending are
shown in ecolumn 2. Columns 3 a2nd 4 give the values of
EI obtained from Wellman's tests. Those in column 3 are
his two—=load Pending, while those in column 4 are his
pure—-bending velues.

In zddition to the.tests with the specimen in the
back—-down pitch—centered position, Wellman tested five
specimens in three other positions: (1) back down, holes
centered —-that is, with the midpoint between the down
loads opposite the center of a lightening hole; (2)
flanges down, pitch centered; and (3) flanges down, holes
centered. The values of EI obtained from all four
tests of each of these specimens are shown in tabdble 4.
Allen and Silliman ran a few tests with the specimens in
the back—down hole—-centered position. 'They did not re—
port the numéri¢el .results, but stated that the stiffness
in the hole-centered position weas less than the stiffness
in the pitch-centered position and that the difference
-was of the order of 3 percent.

In order to investigate the possibility. that appre—
clable error in the observed values of ®BI might result
from local deformation of the channel flanges under the
load rollersg, Allen and Silliman made several tests in
which the deflections were measured at midspan and at
points 2 inches inboard from the load rollers. The val-—
ues of BI obtalned from these tests and the corrsspond—
ing tests by their standard method are listed in table 3.
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The valueslof'sfiffness EIe and distanée from the

surface of the back to the effective neufral axis Yo as
obtained from the column tests are alsc shown in table 2.
The results of Allen and Silliman's tests are listed in

columns 5 and 7 and those of Wellman, in columns 6 and 8.

Properties Determined from Loads Parallel to Wed

The major results of the tests with the loads acting
parallel to the specimen webs are listed in table 5. In
this table the reésults obtained by the different experi-
menters are placed on.separate lines instead of 'in 'sepa-—
rate columns. The source  of the data is given in column 1
and the footnotes to the table. The observed values of
EI listed in columns 2, -3, 4, and 5 are those obtained

from tests in pure bending, simplé.bendiqg, two—ldad
bending, -and cantilever bending, respectively, by the
methods described in the section on Test Apparatus and Pro-—
cedure. Since no.allowance was made for deflectjon due to
shoar doformation in computing these.quantities, only those
obtained from the tests in pure bending should be taken to
represent the true stiffnesses XI' of the channels. Tho
remginder are "apparent' values, which are useful as meas-—
ures of the variation of deflection with load for the
specific loading patterns employed. Columns 6 and 7 show
the observed and computed distances from the midline of

the back %o the shear center and column 8 the differencecs
betwoen those distances. The computed shear-—center dig—
tances of column 7 were obtained from equation 6:17 (on

p. 162 of reference 3), the existence of the lightening
holes being neglected. In column 9 are the torsional
stiffnesses Mt/e obtalned by the methods prev1ously
described.

. In table 6 are listed the critical 'loads obtained by
Carah and Park in ftheir cantilever tests and some simple
ratios of these critical loads which indicate the offech
on the strength of the spécimen of changing the position
of load application.

PRECIS ION

Each experimenter analyzed his test proccdures,
estimating the degree of precision of and the probable
"error in each of the readings taken, and determining

oy

ol
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from those data the probable precision of the end products,
apparent values of ZEI, shear-center distances,; and so
forth. - A1l these studies indicated that the values of
apparent stiffness. obtained from the teste would be correct
to within 5 percent or less and the distances correct to
within 0.0l inch or. léss. Comparison of the results ob-—
tzined by different observers or in different taste of the
same specimen and the studies made to develop empirical
formulas fior the properties under consideration, however,
show that the precision of the’ experimental work was not
uniformly that. good.

Since the analyses of probable precision first men—.
tioned proved to be over—optimistic, they are not included
in this report. The following discussion is therefore de—
voted primarily to a study of the divergences found between
the work of the different ezperimenters. From this discus-
sion it will appear that, while enough work of satisfactory
precision was done to psrmit the .formulation of better
rules for practical design than now exist, the basis of
these rules is not so sound as would Dbe desirable. The
lack of precision of many of the tests also made it imprac-—
ticable to obtain reliable information on the effects of
some of the variables that it’ would bs desgirable to study
"in more detail N . : -

Bending'Tests — Load Normal to Plane of Channsel Web

: Gomparisons of bending tests made.of the same speci-—
men by Allen and Silliman and by Wellman show considerable
differences in apparent ZEI. Such comparison was possible
on 15 mpecimens and the values of KEI obtained from the
Wellman tests ranged from 2.5 percent below to 8.2 percent
above Allen and Silliman's figures. The arithmetic mean
difference was 3.48 percent and the algebraic mean differ—
ence 3,15 percent. (In this report the adjective Yarith-
metic" is applied to mean and medlan values computed from
the absolute magnitudes of a group .of quantities. TUse of
thie term "algebraic! indicateés that the signs of the indi-
vidual quantities were considered in the computation of a
moéan or median.) Both arithmetic and algebraic median
differences were 3.2 percent. It should be noted that for
only one specimen (—19) wae the gtiffness obtained from
‘Wellman's test less than that reported by Allen and
Silliman.

Allen and Silliman reported that they mads &g number
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of check runs o0f individual specimens and found that the
results d1d not deviate from a mean by more than 1.75 per-—
cent. Wellman did not. report the results of check runs
under the same conditlons but he did report the remgults
shown in table 4 of tests with the specimens in four-aif-
ferent positions in the jig. These showed variations of
EI as large as 14 percent without any discernible rela-
tion between change in apparent BI. ‘and specimen posi—
tion.  Allen and Silliman, on the other hand, reported
that, when the specimen was tested with a hole at midspan,
the apparent BI was about 3 percent less than when the
midspan point was midway between the centers of adjacent
Jhaoles. These facts make it appear that the Wellman re—
sults were not as precise as those of Allen and Silliman,
and they are not given as wuch ‘weight in the following
discussion. :

In hisg first computations of BI from the test logs
Wellmen used the same method of computing .W/§ as had
been employed by Allen and Silliman; the deflection of the
point at midspan was subtracted from the average of the
deflections at the loading points. ‘As this did not give
satisfactory resulis,he modifled his procedure dy finding
the slope of the. load—deflection curve for sach point at
which deflectlions were measured and combining those slopes
to get the value of W/s to insert in the beam deflection
formula, It wes hoped that in this way the effects of
individual poor reedings would be minimized.

Another ‘attempt to meet the situation was the compu-—
tation 'of the two-load bending stiffnesses from the slopes
of the load~deflection curvés of midspan and the reaction
poeints, In this manner the differences used were approx—
imetely doubled and the results made more consistent and
probably more reliable, Gomparison of the pure bending
and two—load bending values of " EI obtained from the
Wellman tests is of interest, In 48 teste the two-load
bending EI ranged from 0,920 to 1,082 times the pure—
bending value the average ratio being 00,9928, with al-
most. equal div131on between values adbove and below 1. 00,
Since there would be shear deformation of the channel
legs in the end segments, the cobserved two—load bending
EI should be less than that for pure bending; bdbut, since
the ratlo of span to depth of section was large, the dif-—
ference should be small., Insofar as the average ratio is
concerned, the difference of less than 1 percent is very
reasonable ;but the larger differences for the individual
specimens, perticularly those in which the two—-load-bending
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figure was the larger, can be best explained as due to a
lack in precision of technique. - It was therefore con-—
cluded that for these tests the effect of shear deforma—
tlon should be neglected and the observed values of two-—
logd bending stiffness used in the more detailed analysis
of the data rather -than the pure—bending figures. It was
these two—load bending stiffnesses that were compared
‘with the Allen and Silliman results in the preceding dis—
cussion. Had the pure—bending figures been used, the
differences would have ranged from —4.,1 to 9.1 perceant
and the mean figures would have increased from 3.48 to
4,57 percent and from '3.15 to 3.91 percent and the median
from 3.2 to 4.1 percent or 3.7 pércent, according to
whether arithmetic. or algebraic averages are obtained,

The tests made by Allen and Silliman to determine
the poseible effect of local deformation of the specimen
under the loading rods resulted in the observed EI
values of table 3. Since the differences between com—-
parable palrs of these values were all less than 2 per—
coent and were not consiegtently in .the same direction, it
ls reasonable to assume that the effect of such local
deformation ‘was negligible.

Column Tests

Seven of the channels tested by 4llen and Silliman
were retested by Wellman, and thé indicated values of 'EI
in the retests.ranged from 2.6 to 22.5 percent in excess
of those ian the first tests, the average increase being
10.81 percent and the median, 7.6 .percent,

One possible cause of the differences between the.
results from tests of the same specimen is a difference
in the method of determining the critical load, .In some
of Allen and Silliman's tests, it was noticed that after
the peak load wase reached ths channel bowed suddenly,
with a resultant decrease in the equilibrium load of the
specimen, Figure 18 illustrates diagrammaticelly the
implied load—deflection relationship. The conclusion
was reached that the load registered before the gudden
deflection was somewhat higher than the actual Euler
load. The existence of this peak load was attributed to
two factors: (1) while the knife edges were assumed to
be theoretically perfect, they offered a small restrain—
ing moment on the ends of the specimen and thus made the
rostraint coefficient somewhat greater than unity. As.
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the channel deflected, however, this restraiant was elim-
inated and a decrease in the load required to hold the
gpecimen in equilibrium in its bent configuration resulted,
(2) Before .failure the major axis of the channel may have
been misalined with respect to the knife esdges. Bending
‘would then occur around an oblique axis about which the
moment of inertie would be relatively large, In the pro—
cess of deflecting, the channel would rotate slightly with
the result that the bending would finally be about tho
major axis and the load required for egquilibrium 1n the
bent configuration wouléd be corresgpondingly reduced. In
Allen and Silliman's tests, the ultimate load recorded,
therefore, was that maintalned by the specimen after it
had begun to oxhibit definite lateral deflection. Wellman,
dtdcnot follow this practice but considered the maximum
load carried prior to buckling as the Euler load for sach
spepimen. This may well account, at least in part, for
hig obtaining higher values of critical load than_Allen
and Silliman.,

While this difference in the determination of the
criticel load might account for the smaller discrepanciles
between Wellman's and Allen and Silliman's figures, it
appears unlikely that 1t is sufficient to explaln com-
pletely the larger discrepancies. If, however, in some
of Wellmen's tests there was serious lack of parallelism
between the axes of rotation of the end fittings, that
might account for his high values of critical load. That
it wag vrobably Wellman's rather than Allen and Silliman's
test results that were most in error is indicated by the
fact that the results of Allen and Silliman are easler to
correlate with theory. In the development of rules for
predicting EI, Allen and Silliman's data are therefore
given more weight than those of Wellman.

Allen and Silliman noted that the magnitude of the
apparent critical load for a given channel was dependent
on whether the direction of buckling cauvsed an increase
or a decrease in the compressive stresses at the free
edges of the section. In general, the critical load was
larger if the buckling caused a reduct1on in the compres—
sive stresses at the free sdges, there being but a2 single
exception to this rule. The average difference was about
3 percent and the maximum difference, 7 percent. In de-—
termining the value of EBI from Allen and Silliman's
column ‘tests, the critical loads used were those obtained
from the tests in whioch the buckling caused a decreass in
the compréssive stresses in the free—edge fibers. Wellman
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made no comparable study of the variation of critical
load with direction of buckling,but his records show
that, in tests of 26 specimens, in 20 cases buckling
under maximum load reduced the compressive stress at the
free edges, in five 1t increased that stress, and in one
column failure under the maximum load caused an_increase
in one test and a decrease of compressive stress at the
edge fibers in the- other,

Discrepancies also exist between the- observed dls-
tances from the back of the specimen to the .effective
neutral axis. In both series of tests the- distances from
the fixed reference lines to the specimen were bracketed
to within 0,003 or 0.604 inch. 'Therefore, in spite of.
poseible errors in obtaining the true positions of the
reference lines to the resultant loads, the effective
neutral axis poaitions wers believed to be correct to
less than 0,010 inch. Comparison of Allen and Silliman's

with Wellman's results, however, showed Wellman's to be
"congistently in excess of Allen and Silliman's. Accord—
ing to Wellman, the distance Y,. was from 0,005 to O, 025
inch in excess of the distances determined by Allen and
Silliman, thé average excess -Being 0, 0167 inch gnd the .
medien, 0,016 inch. When all the circumstances are taken
-into consideration, it is believed that the Allen and
Silliman results are the more reliable.

Simply- Supported--Beam Tests ;.L?Q@S Parallel to Web
In the tests of the channsls &s simply supported

‘beams with the loads parallel to the plane of the web,
the same sources of error existed as in the pure-bending
tests with the loads in the plane of symmetry. Most of
these sources might be expected to produce approximately
the same percentage errors in the observed values of EI,
Owing to the fact that the deflections measured in the
tosts with the loads parallel to the web were smaller
than those obtained with the loads in the plane of sym—
metry, the probable error due to laclk of precision in
determining W/8 was greater with the loads parg;}el to
This .is particularly true with respect_to the pure— bending
tests, In the simple and two—load bending tests the ob—
served deflection differences were larger than in pure
bending,and the resulting EI vealues were correspondingly
more precise. ’ o o
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Here again a better idea of the actual reliadbility
of the observed EI values ‘can be obtained from a com—
parison of the results of different experimenters than
from a theoretical analysis of the possible causes of
error, For .the-four specimens tested in pure bending

both by Scarbrough and by Carah and Park, the stiff-—-
nesses EI obtained by Scarbrough were O g4, 0.94, 0.99,
and 1.03 times those reported by Carah and Park. -This
can be considered very good. When Wellman retested three
of Carah and Park's gpecimens,- however, he got values of
EI .0.97, 1.18, and 1,28 timeg ‘the values from the.first
tests.- His’deviations from Scarbrough's figures were
even greater, the ratios being 1.24, 1, 56, and 2,25. As
will be shown in-.the sectian on Dlscu351on 6f Test Results,
Scarbrough!s vdlues of E]I are those most nearly in accord
with the computed theoretical values, and Carah and Parkls
vealues ‘are nearly as good. .For many of his specimens,

. however, Wellman obtained values of L EI in pure bending
that are too .far from.any reasonable theoretical figures
to be belleved.' For some reason he appears to have been
unable to obtain reliable figures for W/S at the loading
points, but it has not been possible to determine the ex~—
act source of'his difficulty. .

¥For most of the Carah and Par& and Scarbrough teata
in pure bending it would appear that the results ares cor—
rect to within 5 percent. They renorted however, that
specimens ~0, —17, and +12 were initially badly twiated
and specimen -29 waa damaged in an early test. The re—
sults for those members are therefore unreliable. “They
also reported that some of the other channels for which
the observed values dlffered conaiderably from what wae
expected were. probably eccentrically loaded but gave no
supporting evidence.- : : .

, The values of apparent EI obtzined from the simple—
bending- tests should he somewhat more precise than those
from the pure-bending tests on accouht of the greater
differences between the values of W/s from which they
ware computed., -This judgment appears reasonable in the -
light of -the few tests madse .on the same specimen by more
than one investigator. . Thus for two specimens Scarbrough
obtained values of 1,04 and.l.10 times those of Carah ‘and
Park. Wellman, however,‘obtained values 1,13, 0.88, and
0. 868 -times those resulting from Carah and Park’s tests of
‘the same specimen and 1.59, O. 85 .and 0,83 times the.cior-—
responding figures of Scarbrough. Although the maximum
deviation of Scarbrough's from Carah and Park's figures
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rises to 10 percent, that was found in but one test.
Wellman's figures for simple bending, however, are much
more nearly in agreemeant with those of the other expveri-
menters than his pure-bending figures. It is therefore
believed reasonable to agsume that most of Carah and
Park's and Scarbrough's figures for simple bending. are
correct to within 5§ percent and the remainder to within
10 percent but that, while Wellman's figures for simple
and two—load bending are better than those for pure
bending, many of them include appreciable errors and can-—
not be depanded upon when they indicate conclusions at
variance with those,deduged from the other tests.

Yhen the simple—bending tests were made with the
load parallel to the plane of the web, it was suggested
that error might result from slipping of the specimen 4n
the loading clamps or from lateral bowing. Slipping of.
the specimen in the clamps was unlikely since 1t was very
riglidly blocked in and the blocks ‘were fixed 1in places by
tightening a series of screws. ‘Sufficient bearing aresa
was allowed that the blocks of plastic resin did not
crush, 'a resin with a bearing strength of 23,000 pounds
per BqQuare inch being used. One channel was bowed lat-—
erally by pushing at its midpoint in order to determine
qualitatively the effect of curvature. It was pushed
sideways several times as far as any bowing noted in the
tésts, and the error in deflection amounted to only 0.0002
or 0.0003 inch., It was therefore considered that the
very small lateral deflectiéns noticed 'in the actual tests
had a2 negligidle effect on the precision of the test
results.

Cantilever—Beam Tesgts

The precision of the results of the cantilever—beam
tests is difficult to egtimate. All the experimenters
found that & change of but a few thousandths of an inch
in the position of the load from that associated with
torsionless bending would produce appreciable twist. In
only one case, however, did two experimenters find the
same shear—center position for a gilven specimen. With
one specimen the difference in observed shear—center
positions was nearly 1/8 inch. These differences make
it impomsibls to use the test data of this report to de-
velop a relisble quantitative expression for the effect
of holes on the shear—cénter pogition, though the differ—
ences 4o not prevent the obtaining of valuable qualitative
information on that point.
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The valuss of spparent EI  obtained by Carahand
Park from thelr cantilsever-beam tests wers so much lower
than the results of their pure— and -simple—bending tests
that they concluded that.-a large part of the total de-
flection of a lightened channel was due to shemr. It
wag suspected, howsver, that part of the difference may
have been the result of rotation of the specimen at the
point of support. Scarbrough and Wellman therefore meas—
ured their deflections.from an arm supported by the svsac-
imen in such & manner that the results would nof be
‘affected by rotation of the specimen as & whole. Their
results show pretty plainly that Carah and Park's low
values. of apparent EI were due primarily to such rota—
tion .and are not to be relied upon., S¥tudy of their flg—
ures, however indicates that Scarbrough snd Wellman's
cantilever—bending figures are far the most part probably
correct to w1th1n +10 percdnt or better.

‘Carah and Park dia not attempt to find Mt/e the

torsional stiffness, in their tests. Scarbrough made
tests for this quantity and his results apvear to be B
reasonably consistent. . Wellman's figures agroee fairly .
well with .Scarbrough's but their congistency 1s not as
good. Both men used average values of rotation per unit
torsional moment obtained from tests with diffarent
_pointes of load application. Since there was less spread
" between the figures averaged by Scarbrough than betwoeen
those averaged by Wellman, it ie not surprising that.
Scarbrough's results are more tonsistent. Nevertheless,
it has been found impossible to reconcile Scarbrough's
figures with theory or to obtain a reasonable estimate
of their precision: This problem is gone into in more
detall in the section on Discussion of Ressults.

DISCUSSION

PrOperties-ébout Cantroidal Axis Parallel to Back ' -

-

. +The column tests and the bending tests with the
loads normal to the back of the spécimen were made pri-
marlly to develop a method of predicting the stiffness
El.x &agaeinst bending about the centroidasl axls parallel

to the back of the specimen, and the distance Y, of

that axis from the outside surface of the back. The more
important test data and computed gquantitiesg used for that
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purpose in this study are given in tables’ 7-and 8. Table
7. contains 'the values of I/t and Y, obtained from the
individuvual tests-and the corresponding values computed on
the basis of three alternative assumptions regarding the
effect of ‘the lightening holes. In this table the re-
sults of tests Dy Allen and Silliman and. of tests by
Wellman are shown on separats lines. ' The values of ob—
served I/t shown were obtained by dividing the EI
values of table 2 by 10,300 times the thicknesses
recorded in table .l. This was done because it was found
more convenient to compare values of I/t than values of
EI. The values of Y, -in table 7 are taken directly
from table 2. In table 8 are shown maximum, minimun,
mean, and median percentage difference betwsen various
comparable observed and computed values of I/t eand Yge

The methods by which ‘these values were obtained and what
appears to be their signlflcance are dlscuSSed below.

The values of I/t obtained in the two types ol
test, bending and axial compression, are directly compar—
able and unless the character of the effect of the )
lightening holes should be a function of the type of’; test
should be the same for any specific specimen., From
table 8 it can be seen that for the specimens tested both
ways by Allen and Silliman the agresment of I/t wvalues
is quite good. It is really better than is suggested by
the extreme percentage difference of —11.6 percent since,
if the values for channsels —22 and —26 are neglected the
spread for the remaining 23 epeoimens of this group is
only from —3.8 to 5.3 percent.

Wallman obtained EI from both column and beam
tests of 14 specimens, only two of which were tested both
ways by Allen and Silliman, Por those two specimens (-7
and —15) the column stiffnesses deviated from the beam
stiffnesses by only —0.6 and 1.2 percent; whereas the de—
viations of the Allen and Silliman values were —1.2 and
3.4 percent, respectively. Although Wellman obtained
better agreement between the two EI values for these
specimens than did Allen and Silliman, he did not get
such good agreément for the others, as can be seen from
the second line of table 8. In this group of tests only
four of the specimens showed differences mrbove 10 percent,
but for each of these four the difference exceeded 25
percent.
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The thirzd line of table 8 gummarizes the results of
comparing the results of column tests by Wellmarn with
beam tests by Allen and Silliman. Since the ¥ellman val-
nues of I/t .in bending are consistently higher than
those of Allen and Silliman, the percentage deviations of
the column—-test I/% values from the bending-test vglues
are higher for this basis of computation than when the
¥ellman bending values are used. This conditlion is inten—
sified by the inclusion of four specimens for which no
bending tests were made by Wellman , and the deviations of
the Wellman column—test resulte from the beam—tesgt results
of Allen and Sillimaen range from 4 to 21 perceént. B

The relatively close agreement between the Allen and
§illiman values of I/t obtained from the two types of
test indicates that the influence of the lightening holes
on the stiffness in bending is the same as on the stiff—
ness in column action, It is the opinion of the writer
that the greater spread. of the Wellman results indicates
primarily that in the Yellman column tests there was unde—-
sired end restraint which é¢aused the observed values  of
I/t to be fictitiously high and that the results of these
tests should not be taken Yo invalidate the afore-mentioned
conclusion.

The most important information sought from the column
tests and the. tests 1n bending with the load normal to the
channel back was a method for estimating the location of
the effective neutrsl axis and the effective moment of in—
.ertia about that axis, The obvious method of allowing for
.the effect of the lightening holes on these quantities is
to compute them for a channel with the same values of
width of side S and thickness %t as the actuval member
but to reduce the width of back B by an amount which
would depend on the diameter of the lightening holes and
poseibly their pitch and other dimensions of the specimen.
Thus the problem reduces to that of developing a method
for computing what may be termed the effective diametsr
of " the lightening holes Dg. '

The eimplest.assumptlon is that De,' the effective
diameter, and D, the actual hole diameter, are identical.
This implies that the entire strip bof material between the
lightening holes contributes nothing to the stiffness of
the member and seems to be the most conservative agsumption
that would be reasonable, Values of I/t and Yo Yased
on this assumption are lisgted in columns 4 and 8 of table 7.
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'In computing these figures -and all other values of I/t
and Y4, -the sectional ‘dreéa was assumed concentrated
along thé section mldline 'The values of Y, and the

radius .of gyration were first computed, neglecting

any effect of .the filiaets. The values of I/t were
then computed as the product of the radiug of ‘gyration
squared and .the length of the midline, tThe effect of the
fillet being taken into account in computing “the length
of . the 'midline, |

The results of comparing the observed values of I/t
with those computed on theé assumption that Dy = D -are

summarized in table 8. In every case the value of I/t
obtained from a bending teést is in excess of that found
by -computation, the average dlfference being nearly 15
percent; and there is considerable scatter in the ratios
of the two values.. A4ll but three. of the column tests |
gave higher indicated than computed values of I/t. For
one of these tests the difference was only —1.0 percent,
while for the other two it.was —11.0 and —14.8 percent.
Unfortunately, neither of the two latter members (+34
and +39) was tested in bending, 80 it is not Ppossible to
determine whether their observed I/t values were as
excessive as most of those found by Wellman. The results
of the other tests, hdwever, shggest that with these two
members it may have happened. that, instead of being sub-—
Ject to unexpected restraint at the ends in the column
tegts they were subaected to eccentric loading.

Study of the individual differences betveen the ob-
.served and computed values of I/t showed that they ’
tended to increase with increase in the pitch of the’
llghtenlng holes. This appeared reasonable since it does
not seem possible that the material bétween holes mekes
no contribution to the. stiffness of the specimen, and the
further the distance between holes the greater should be
the effect of thisg material. Several methods of making a
more refined allowance ‘for the effect of the holes than

agsuming Dg = D were tried. The most satisfactory
proved to be the assumptlen that De = D" where
(0.2 + 1.,5D%/Pb)D . DT (B)

Computations of I/t and Y, on the basis of this

assumption led to results 'that are given in .tables 7 and
8. The agreement between Allen and_Silliman's observed'
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I/t and these computed values is quite good for both the
column and the beam tests. It is really better than is
indicated in table 8 since for only one specimen (—23) is
the divergence of the beam test from the computed valuve
more than 10 percent. With the Wellman column tests the
sgreement is not very good, on account of the excessive
observed values, and that between Wellman's beam test and
the computed values muet be considered as only failr,

The chief objection to using D, = D' as a basis of-

design is the unfortunats fact that the five aspecimens
without lightening holes included in the bending tests
gave indicated values of I/t ranging from 6.8 to 9,7
percent above the computed values. ‘At least part of this
apparent error seems to have been due to the use of the
nominal values of section dimensions in computing I/%.
For four of these speciméns Allen and Silliman measured
the actual dimensions to the nearést 0.001 inch for use
in computing the moment of inertla, The resulting values
of I/t average about 7 percent greater than those shown
in table 7. About half of this difference cen be accounted
for by Allen and Silliman's neglect of the effect of the
fillets. The remainder is most likely dus to the fact that
the actual width of leg ie in excess of the nominal., For
three of these specimens the différence between Allen and
Silliman's observed and computed values of I/t is less
than one-half of 1 percent and for the other one only 2.8
percent, If 1t is to be aesumed that these effects of
manufacturing tolerances existed in all the ‘specimens, it
would mean that the observed values of I/t should be
reduced something like 10 percent before comparing them
with the computed values. Alternatively, the desired ex—
pression for Dy, would be one that would produce values

of I/t about 10 percent less than the observed values,
.8ince Allen and Silliman reported that in only a few
specimens was the actual width of Lleg more than 0. 002. inch
in excess .0of the nominal, such a large adjustment of the
observed valpes does not appear necessary. )
Nevertheless a study was made to f£ind an expression
for Dg that would give computed values of I/t  about

10 percent lessg than the observed values, As a result
the values of I/t and Y, were computed on the assump-
tion that

D, = D" = (0,7 * D*/Pv)D (or D, whichever

= ig the amaller) (4)
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These values are listed’ in table 7 and their average .
deviations from the observed values  are: shown in table 8.

"On the whole the tosts ‘appear to indlcate that rea—
sonably close though slightly.. unconservative estimates
of I/t can be obtained by~ the ‘use of EDe = D! in

computation. This 1§ indicated by both the extrema and
the average quantities Iisted in table 8, and also by i
figure 19 in which the valuwes of I/} ‘obtained in the
beam tests are plotted as ordinates and the values com— |
puted-with Dg = D' are used as abscissas. For more

conservatish a somewhat greater value of _De-may ve uséd,

- but there appears no reaeon why & ‘Yalue in- excess of DY
ghould be employed. - '

> - Lt -

IS St

It mlght be thought tPat the effective hole dlameter
would be influenced by the thickness of the material but
a study of the results ‘on‘the snecimens thicker &and thinner
than the average indicated that there was no such effect,
Another variable that was considered was the width of the
channel flange 8. Flgures 20 and 21 show the percéntage
differences between observed and computed I/t grouped
according to nominal width -of side " S. . The comnuted ~val—
ues used in preparing figure 20 are based.on ‘De-— D and

thoge-in figure 21, on_fDé = D'. The observed values

are those obtaihned’ from bending tests. .- Those ffgures ‘show
no definite trend assoclated w1th variation in 8.

R ]

In the foregoing study the stiffnesses inﬁhendlng
have been those obtained with the specimen in tlhe back-
down pitch—centered position., Allen and Silliman réported,
however, -that with the specimen in the back—dOWn hole—
centered pogition the observed I/t was reduced ‘about 3
percent. If this finding-is relied upon, it would appear
. desirable, in design, to.compute I/t. on the basis of an
,assumed D,  sgomewhat larger than D'. Also it would sug—

gest that perhaps the criterion for Dy snould be based

on teste with the specimen in one of the flange—down )
positions, . Wellman, however, tested six channels.in all
four p031tions with the resulte summarized in table 4,
From these results it ‘'would. appedr that- there is no con-
gistent trend and the’ differeéences in the results of sep—
arate tests on the same specimen may be due to factors
other than the position of .-the specimen in the test jig,

'
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Although the assumption that Dy = D! gave the best
correlation between the observed and computed values of
I/t, the nssumption that Dy = D was consideradly better
for the distance Yo. This is ghown by table 8 in which
are listed extrens, average and median values of observed
¥, minus computed ¥, 1in percent of . the latter, This is
not conclusive evidence that the best figure for Y, 1is
to be obtained by assuming Dy = D in computations.

Where De is assumed equal - to. Dt the apparent dietance
from the back of the web %o .the. effective neutral axis
appears %o exceed the computed value, If the specimens
had been originally straight, this would indicate an eriror.
It was noticed, howsver, that practically all the specimens

were curved in’manufecture in such a way that the flanges
were in initial tension. It can Pe seen from figure 22

that, under these conditions, the line of actlon of the axial

losad that would cause a minimum of. bending would intersect
the end oross sections at a greater distance from the,back
than the actual effective neutral axis, There is insuffi—
cieant evidence, however ‘regarding the amount of inltial
curvature of the specimene to permit a definite conclusion
as to just which would be the best mssumption for Dg in

computing the-location of the efféctive neutral axis. For
practically all the channels tested however, the differ—
ence between using Dg = D and De =D'  would not exceed

6. 05.inch, and that would be. sufficiently c¢lose for mosﬁ
practical design work,

Stiffneee EI about Axis of Sjbmeﬁry

The'tests of channels as simply supported beams with
the plane of loadlng parallel to the web were made prima—
‘rily to develop a method for predicting the deflections
that would be broduced by such loadings. When dealinag
with beams with. relatively thick webs, the deflectione.
due to shear deformation may usually be neglectead. With
trusses, on the 6ther Hand, the effect. of the deformations
of the web members is too great to be neglected, and the
same - 18 true with respect to the shear deformation of very
thin webs of beams,. It was expected that the lightening
holes in the webs of the channels tested in this investi~

gation would ‘make the channels act like trusses or very
thin wébbed ‘beams .and that thie. effect of shear deformation
of the wedb would have to- be taken into account
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A first_ step was to obtain values of apparent EI
by substituting the slopes §/W of the observed ioad—.
~deflection curves in the appropriate beam—deflection
formulas and solving for EI. The: formulas uwsed For this
purpose were the convent10nal beam deflectlon formulas
(such as those of table 4:1 oh p. 94 of refersnce 3) in
which no proavision is made for the effect of shearing
deformation, The values of apparent BI obtained in
this manner are recorded in tadble 5. o

Of Yhese valuses, only those obtained from the tests
in pure bending represent the true values of EI, &and
it is desirable to see how clogély they - agree with valies
computed from the dimensions and material of the specimens.
It is to be expected that the observed moment  of inertia
of a lightened channel should lie somewhere between that
of an-otherwise identical channel without lightening holes,
and the latter Quantity minus the moment of inertia of the
area removed from the web cross section through the center
of a hole. The former quantity may be termed the "full
back"” and the latter the "full hole" moment of inertia .of
the cross section. In the present study it was considered
simpler to work with values of I/t, the moment of inertia
divided by the material thickness, than with the moment of
inertia itself. Values of (I/t)FB and (I/t)FH computed

for the channels tested in pure bending are listed in col-
umns 2 and 3 of table 9. In computing these values the
first ‘step was to compute the square of the radius of gy-
ration of the section midline about itéd axis of symmetry,
no account being taken of the effect of the fillets at the
junctions of the web and flanges, the computation being

made by use of the formula .

s _b (x4s) | e
2 - o — 2 {5
Pyy 12 (k-+_2):‘ ' o)

where b is the width of back (or’ web) and k the ratio
of the width of sids (or flange) & %o b. This value
"was multiplied by the developed length of the midline

‘L=2s8+ ¥ ;w0;8584 P T "(s)

' where r is the radius of the fillet This gave values_
of I/t from 3 to 4 percent lower than would have been
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obtained if the effect of the fillet had been nsglected
entirely. After computing (I/t)pp in thig manner,
(I/t)yg was obtained by subtracting .D®/12, where' D 1isg
the diameter of the lightening hole. C '

‘The fourth column of table 9 shows the values of I/t
obtained by dividing the observed EI in pure bending of
column 2,%tabdle 5 by 10,300,000, the standard value of E,

It may be noticed that for most of the specimens the
observed I/t was greater than the computed (I/t)pg,

and the percentage excess for sach specimen is listed in
table 9, column 5. TFor those tests in which.the observed
I/t was less than or only a little greater than (I/t)pg,

its percentage excess over (I/t)pg 1s listed in table 9,

column 6., Since 1t is to ba expected that the deviation
of observed I/t from the computed values would probably
be a function of the amount of material removed by the
‘lightening holes, the values of the lightening parameter
D® /Pb are recorded in table 9, column 7.

Study of tadle 9 ghows that nsarly all of Scarbrough's
observed values of I/t fell either between (I/t)ym and

(I/t)pg. or very closs to those velues. Carah and Park's
observed valpes were also close to (I/t>FB but- tended to

be a little higher rather than a little lower than those
values, Wellman's results, however, were widely scattered
and ranged from 30 percent below (I/i‘f)]!,B to about 2.5

times (I/t)pp. These facts can be seen even more clearly
from figure 23 in which the values of o
100[(I/%) gpg — (I/t)ppl/(I/t)gp are plotted against D°/Pb.

In thie and the following figures, the results of tests by
Carah and Park are indicated by multiplication signs, those
of Scarbrough by circles, and Wellman's by plus signs.

Many of Wellman's results are not shown on this figure be—
cause the points would have fallen outside of its bounda-
ries. : ‘ .

In the 19 tests made by Carah and Park the algebraic
mean percentage excess of (I/t),pg over (I/t)yp vwas

3,09 and the algebraic median figure, 1.5. The correspond—
ing figures for the 18 tests made by Scarbrough were:
mean, —1.65 percent and median, —1.25 percent. Wellman,
however, had an average excess of 41.86 percent with a
median figure of 30.0, If all teste are considered as
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formlng o single group,.fhe average excess OFf (I/t)o-bs
over (I/t)gp 1is 20.17 percent with a median figure of

7.3, It 1s obvious, however, that owing to some defect

in Wellman'’s technique his results cannot be trusted.

If the other two groups are combined, the average excess
is only 1.05 percent an@ the median figure, 0.9 percent.

If only Scarbrough's results were congidered, it
would be possible to draw a pretity satlisfactory empirical
curve to show the percentage decrease in (I/t)pp to be

expected to result from & given valus of Dszb. Unfor—
tunately, however, the number of Scarbrough's tests was
too small and covered too limited a range of section pro-
portions to make it advisable to.-use them as the Dbasis
for a curve of thils kind for design use.

The combined data of Scarbrough and Carah and Park,
however, furnish good evidence that the stiffness of the
channely in pure bending was -little reduced by the presence
of the lightening holes. It is belleved that thelr results
are gufficient basis for the recommendation that for most
practical work, unless DE/Pb is relatively large, the
effect of the lightening holes may be neglected in comgut—
ing the moment of inertia of the -section; while, if D”/PD
i1s large or there is speciasl need for conservatiasm, there
is no need to usé a lower value of I/t than (I{$)pgm.

In most cases of this kind 1€ should be sufficient to use
the arithmetic mean of (I/%t)ypy and (I/%)pg-

Effect of Shear Deformation

The total deflection of a beam .subjected to combined
bending and shear is the 'sum of the deflections due to the
two types of stress mcting independently. Thersforbk-
write

8y * 8 o T

where §; 4is the total deflection, &3 18 the deflection

due to bending given by the usual deflection.forﬁulas,
such as those in table 41 on page 94 of reference 3, anl
8g 1is the deflection due to shear. ;Tﬁe'geheralféxpfbg—
gsion for 8 is given by squation 12:7 on_page'386 of
reference 3 as
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55=f§_3_L95 - (8)
4 G ' ' :

where s 1s the shear at a section due to a unit load
system Ydsed on & unit load at the point for which the-
deflection is desired, -V is the total shear on a sec—
tion, 4 +the cross—sectlional area, G -the shearing
modulus of the material, and k is a constant depending
- on the shape of the cross section. For a beam of con-
stant section and length I subjected to a concentrated
load at midspan, this becomes .

kW L ' _
5 = - L e 9
8 4 A G . (%)

for the shesar deflectlion at ﬁidspan.

With specimens like the lightened channsls under
"consideration, the value of k is unknown and its empilr-
ical determination was one of the objsctives of the
simple—bending tests. In these-specimens the vertical
deflectlion due to shéar deformation ef the flanges is.
negligible and it is reasonable to replace A by Dbty
the gross sectional area of the web. ~Since it would bs
difficult to separate the effects of ths flanges and the
holes in the wedb, it appears best to combine the two ef-
fects and write

L
4 XD

(10)

= L
where X 1s a factor which takes account of the shape of
the sectlon, thé use of the web area in place of the total
area, and the effect - of the holes. '

In order to obtain X empirically, the first step
was to compute Et§; for a load of 100 pounds at midspan

from the obsserved values of apparent EI indicated by
the simple-~bending tests and rscorded in column 3 of
table 5. The convéntional formulas were then used to
compute Etdy -uging the computed valuesg of KI/t)FB

and (I/t)ym. Then, by subtraction two values of "Et8 4

were obtained for 9ach'simplenbénding test, one based on
sach of the alternative values of I/t.  These values
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were next inserted in equation (19)  which:was solved for
X, E being assumed equal to 10 ,300,000 and & %o D
3 850 000 pounds per square inch 1n these computations.
The' valuee of . :;obtained from the Cargh and Park
and the Scarbrough tests in this manner, when plotted
against D?/Pbv, formed a fairly definlte band. That of
the points based on (I/%) 73 appeared a little more
clearly defined ‘than that based on I/t)FH though there

was not much choice between the two. Both .exhibited -
considerable scatter of the .points, but that was to be
expected since the values of X were based on small. .
differences between relatively large fumbers and also

had to abeorb all errors of precision in making the tests,
The formula obtalned in this manner was_ T

2 . .
% . . B s o, o - —_—— T

K =05 -D/p% " (11)

Lo . . ) s

The walue of Et8y for amlOQ—pound load was then
recomputed,rusing this value of - X an '(I/t)FB, for
"comparison with that obtained from the apparent EI in
simple bendlng.' These two values and thelr percentage_
difference are listed in columns 2, 3, gnd 4 of tadle 10,
The percentage differences for the” Carah .and Park and: tho
Scarbrough tssts are also plotted against D /Pb .in- fig—-
ure 24-; From this figure and the table - 1t ‘can be-sésdn
that, if &p _is computed from the ordlnary bending for—

mula dsing . IFB as the moment of inertia and. ss is

computed. from equatlon (10) using the value from equatlon
(11) for X, the resulting:velue of 8¢ = 8p + 63 is

sufficiently &lose to that ‘obtained from the tests for
most practical purposes. The mean deviation of the de—
flection computed in. thisg manner from the corresponding
observed deflection ‘¢f -thé Carah and Park and Scarbrough
tests is:-1,02 percent &nd the median; -0.4 percént, If
the results of Wellman's tests-are 'included, the ‘mean
deviation rises .to 2.54 percent and the: medlan o O
percent, It is "t'o be moted that Wellman s reeultS'are:'
much closer to the computed reeults here than 'im the -
pure—bending tests.. Lo . L e (R
- e - .
Formulas were developed in ‘the same manner for the
total deflection under & speelfled intensity of the can—
tilever and two-load bending loadings, and tho values of
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Et&; wore similarly computed. These values of Et§,
and the corresponding figures from the teat data are

: liBted in tabdle 10,

The percentage differenEes between the observed and
computed values of Et§y for cantilever bsnding are also

plotted againgt "D®/Pb 1in figure 25, From this figurs
it can_be seen that 4n practically every test the observed
deflectlion exceeded the computed, but the average excess
was only 4.18 percent for the Scarbrough and 6.97 percent
for the Wellman tegts. The corresponding median devia-
tions were 3.9 and 8.5 percent. On the other band, the
average exaest in the Carsh and Park tests was 37.31 per—
cent and the median, 35.7 percent, The excessive obgerved
deflections of Carah and Park were at first thought to
reflect primarily the effect of the lightening holes 1in
reducing the resistance of the wed to shear. The resultis
of Scarbrough and Wellman, however, indicate that they
were more likely the result of rotation of the specimen

at its point of support. Study of the test apparatus

will show that any rotation of the specimen at the sup-
port would cause. an :increase of the measured deflectlions,
while that would not be the case with the arrangement

uged by Scarbrough and Wellman, The latter may have pro-—
dvced some deformation of the channel wedb where the refer-
ence arm was attached, and the deflections measured may
not have been measured exactly from a tangent to the
elastic curve at that point. It 1s believed that these
factors may be responsible for the fact that the differ—
ences between computeéd and observed values of EtH; for

the Scarbrough and Wellman cantilever bending tests tend
to be larger than the differences for the simple bending
tests of ‘thosae. experimenters.: The resulits indicate pretty
clearly, however, that Scarbrough and Wellman's measure—
ments cams much. closer to being what .they were intended

to be than the deflection measurements of Carah and Park.

Only for Wellman 8 tests were the values of EI in
two—load bPending debermined. These were used to-deter—
mine observed values of Et@t which were compared with

corresponding computed values. 4Again'the observed values
tend to exceed the computsd, but there i%s considerable
spread. If the thres 1argest differences are neglected,
the average arithmetical difference between thg two val-
uesg of Etét i8' 9,44 pereent and the median L.

8.0 percent. If the pigns of the differences are taken
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into account, the mean’ difference is only —0.97 and. the
mean -O 55 percent _
Thile D /Pb  was considered the mcst @fobable-pa—
rameter with which the' difference betwesn observed and
computed ¥alues of Etsy would vary,:.studies.were made

of the variation of these differences with width of side
§ and with the ratip of width of side 8 %o width of
back ©b. - No epecial trend with respect to either of
these variables was détected.

On the whole it is considered that the method of
computing deflections used in the preparation of table
10 gives sufficiently accurate results to be employed in
most design work. Admittedly the precision is not as
good as might be desired and the test data are not of as
good - quality as could be wished. On the other hand, in
practical work the deviations of actual from computed .
déflections resulting from’ standard tolerances for eheet
thicknesses, bend radii, and so forth, are of such meg—
nitude that it would be futile %o attempt very great
precision. Therefore, until more accurate and extensive
tests have been carried out, it is believed that designers
will find this method of value

One obvious weakness of the method ie that 'it appears
to result in stiffnesses which tend to exceed those ob-—
tained by test. The designer could easlly avoid diffi-—
culty on this score by using I/t)FH ‘instead of (I[t)FB

in computing the fraction of. the deflection due to bending.
.It seems hardly necessary to make mny further correction
to the deflection due_to shear. I%. is.true.that the for—
,mulg for K probably hag & .-low accurscy, but the term

in which it sappears normally represents, such & small part
of the total deflection that .a relatively large percentags
error in K will cause but a small. percentage srror in:
the final result. .

Shear—Center Location
For a channel without lightening holes the distance
from the midline of the baek to the sbeqr center can be
obtained from the relation . o ) -

- ' ‘ 2.2, . . ' .
d = E_.P...._E R T (12)
41 '
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given in article 6:5, pages 161-164 of reference 3. When
the back 1s pilerced with lightening holes, more of the
normal stress must be carried by the flanges and the shear
flow in.the flanges 1s thereby increased, One result ias
an increase 1n the moment of the couple produced by the
flange shear forces and therefore an increase in the dla—
tance from the wedb to the shear center. Alternatlively,

it might be reasoned that since the presence of lighten—
ing holes would decrease the effective moment of inertia,
the result would be to 1ncrease the distance 4.

The amount by which the shear center would be dis-
placed as the result of employing lightening holes of a
given size and spacing would be very difficult to estimate
theoretically. In the hope of developing an empirical
rule, equation (12) wag usged to compute the theoretlcal
shear—center distance listed in column 7 of table 5, Com-—
parigon of these figures and the test results verifies
the expectation that the effect of the holes would be to
increase the distance from the channel web to the shear
center. With a few specimens the observed shear—center
distance is less than the _theoretical, but on the average
.1t .48 0.0464 inch greater. The relation between the com—
puted and observed shegr-center distances is also indi-
cated in figure 26, where the observed distances arse
.. plotted as ordinates and the computed values as abscis~
sas8,

) When the percentage differencee betwaen the observed
‘and, computed’ valuea for the shear—center distance were
plotted -against | D° ‘/Pb, -there was some indication that
such ¢ifferences increased with thet lightening parameter.
The plotted ‘poitits 'weire too scattered, however, to use -
thén as the 'basis for formulating an. equation for the re—
‘Jation. -There were several groups of. specimens which
differed only ‘in hole :dimmeter, hole pitcb or D?®/Pb.
Study 0f thege groups fdiled to disclose Any olear rela-—
tionships affecting shear-center distance which would. be
of value to the designer. ‘

The differences- between- the observed and computed
shear center distances of table 5 range from —-6.5 to 17.0
percent - of the width of flange;"the algebraic mean-being
slightly under 5, 0" percént., For most practical work it
would be sufficient to assume that the shear center of a
lightened channel would lie between the point indicated
by equation (12) and a point 10 percent of the flange
.width farther from the web, .
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Torsional Stiffnéss

Since the channels used in this study were formed
from flat 'sheets with developed widtls considerably in
excess of 16 times their thicknesees, their torsional
stiffnesses GJ were assumed to conform to the .relation

- . . —

t° /3 o S (1)

GI =& wg

in which G 1is the shearing modulus of elasticity; ot

is the thickness of the material, and wg . is the effec—

tive width of the developed sesction. ¥For the specimen
without lightening holes the effective width should be
the same as -w, the actual developed width of the sec—
tion. Tor the lightened channels the effective width
wes expected to lie somewhere between w and w — D,
where D 1is the dismeter of the 1ightqping holes. It
was hoped that by study of the test results it wotild be

possible to obtain an empirical expression for w, that

would be between these two figures.

The quantity GJ of equation (13) is the ratio of
applied torsional moment to resulting twist in radians
per inch. Since the ‘observed values of My/8 in table

5 are ratios of applied torsional moment to total twist,

"observed" values of . GJ .were first obtained by multiply—
ing observed M./® by the distance from the face of the

support to the mirror attached to the web, which was
31.125 inches in Scarbrough's tests and 27 876 inches in
Wellman's tests. For purposes of comparison two values

of GJ were computed from equation (¢3) One of thess
values was based upon the assumption that wg = w and
the other, on the assumption that w, = w — D. In both

cases . & was tsken as 3,850,000 pounds per square inch.
These three values of GJ are listed im table 1ll. Fig—
fires 27 and 28 show the values of observed GJ plotted

against the two computed values of that quantity

In each of these figures nearly 21l the points rep—
Tesenting Scarbrough's tests (indicated by circles) lie
. fairly close to a straight line, the deviations from such a
line being less in figure 28 than in figure 27. Most of
Wellman's tests gave points falling remsonably close to
the same lines but exhibited much more scatter. This is
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believed to be due largely to the fact that Vellman'sa
values of My/¢ were averages from tests with greater
eccenbricities of’ loading ‘than those present in the
Scarbrough tests. - As & result, Wellman's individual .
values of kg/6 daviated more. from the means listed in
table 5 than 4id- Scarbrough's 'and his means are there—
fore considered less relimble.

In spilte of the fact that most of Scarbrough's
points come guite close to falling on straight lines in
figures 27 and 28, these data fail to provide a rule for
determining the value of wg .to be used in eguation (13).
In the first place, the lines in question would not pass
through the origin; this fact indicates either that G
is not a constant or that J 1is not directly propor-
tional to wet®, as indicated in equation (13), but
some constant must be added to that relation. Egually. .
important is the fact that the obgerved values of GJ
are. so much larger than the computed ones that gome im—
poertant factor. must have been omitted from the computa~
tlons." . ’

The situation is furthér complicated by the data
from specimens +21 and +34. In both figures the poilnts
for specimen +21 fall considérably to one slide of the

"band formed by the points from the other tests. :Thesse
pointes may be disregarded, However, since .Scarbrough
reported that channel +21 was initially twlsted and con—
sigtently gave test results which lacksd conformity with
those from the other specimens. Much more important are
the pointe for gpecimen +34, which was the only one with-
out lightening holes that was tested in torsion and which
was tested by both experimenters. In figure 2%, with GJ
computed on the basis of wg =w, the points for +34
fall within the band defined by the other test data; dut
in figure 28 with GJ computed on the basis of =

we =W — D, the points for -this specimen fall consider—

'‘ably to one side of the band, This appears to be .
additional evidence that gome highly important factor -
was neglected either in cdmputing GJ from equation (13)
or in obtaining from the tests the obsérved quantities to
be_compared With the computed values.

Thé most obvious factor that was neglected was the
Ipossible restraint at the support agalnst warping of the
crodgs sections ’ In preparing flgures 27 and 28 this was
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not taken intoc account since the possible magnitude of
its effect was not realized. These figures showed.such
great differences between the observed and the computed
8tiffnesses that an investigation was made to estimate_
the possible effect of complete restraint of the crogs
section at the support against warping,' This was done
by applying the formulas of Timoshenko in reference 4

The first step was to ccmpute effective 1engthe
from the relation

.'r; = L - amtanh i . | ”i_: _(i&).'
where ' - L o . N

o = 2t (1 4 8. 0] '(1;5)

2GJ 4 Iy 7 :

whers
Le effective length of speCinen.'ll o T
L .actual lengtn“qf-enecimen:.ﬁﬁ;;.:"u t;. ...n:? ;T%
B Young's.modulus' |

if _moment of’ inertia of’ one flange anut 1te minor axis
; of symmetry . . T T

'_Iyd:}moment of inertia of entire cross section gbout its
,T" » axie of _symmetry o S L T

t ‘”'thickness.cf'nateriel ' _3';' iffif“ B :ji
js! -.~iistance between,flanées.
GJ tcreicn:eonstentiobtaineiuf}om.EQneticnl(i%Si_
In computing a® from equation (15),‘"’1f “was %éﬁéhréé“‘

equal to ts° /12, Where s ie the width of. a flange.

Since Iy := tb"’/lz +. tsb /2 ~8quation (15) reducee to
t o . - g [N "& & 2a 1.,.__. w2

aa_ EIf /1 __g—b-__

“_i“f 2(§J \ ‘T'b_+:§§ :l_hﬁrurﬁﬁ
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Two values of L, were computed for sach speclmen,
one based on each of the values bf computed GJ 1listed
in table 11, These values of Le are shown 1ln columns

5 and 6 of that table., Finally, "theoretical' values of
Mg /8 wers obtained for insertion in columns 7 and 8 of

table 11 by dividing each computed value of GJ Dby the
corresponding value of L.

The observed values of Mg/6 are plotted against

the theorstical values of this quantity in figures 29 and
30. TFrom these figures and the data of table 11 it can
be geen that the observed stiffnesses are still conslder—
ably in excess of the computed values. They average 24.2
percent greater than the stiffnesses computed on the
basis of wg = w and 54.6 percent greater than those

baged on w, = w — D. The median figures are 22 and 50
percent, respectively.

The percentage differences between observed and com—
puted values of ut/e were plotted against the lightening

parameter D®/Pb against the width of side §, and
ageinst the absolute computed values of Mi/6 to see if

any interesting trends would be revealed. In the follow~
ing remarks this percentage difference is called the ex—
cegs stlffness. The exXcess stiffnesses showed no definite
trend of variation with D /Pb. They d4id, however, appear
"to have a tendency to decrease with increase in the width
of leg, though it must be admitted that the plotted points
showed too much scatter to permit the formulation of an
algebraic expression to represent this tendency. The ex—
cess stiffnesses based on wy, = w showed no consistent

trend of varlation with the absolute magnitude of computed
stiffness, but those based on wy = w — D phowed a def-

inite tendency to decrease as computed My/@ increased.

Here again, however, there was too much scatter of the
plotted pointg to permit expressing the trend by an
algebraic relation,

From the data of table 11 it is obvious that the
stiffnesses obtained in the tests were due primarily to’
the gshape of the secti®n and the restraint of the sup—
ported end against warping. It 1ls equally apparent,
however, that, these factors do not completsely account for
the differences between the observed and computed values
of GJ. One source of the discrepancy may well be the
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use. of too lew a value of the«shearlng modulus of elae—
ticity 6 In this cdhnection it may be recalled that

‘in reference 1l the -writer rqported on some tests of ex—
truded aluminum—alloy channels gnd '£1lat. strips subjected
to torsion, which. indicated velvues- of ,G appre01ably
larger than the standard value of 3 850 OOO pounds per
square inch used in this report, In- those earlier tests
the value of G obtained from tests of flat strips was
4,500,000 pounds per squars lnch and that from tests oxn

a channel section was 5,000,000 pounds per gquare inch.
Had such values of G been used in the present investi-
gatlon, the computed stiffnesses would have been much .
cloger to those observed, and it might have Dbeen poeeiblew
to obtain an empirical ‘expregsion for' effective width  w,.

The teste of reference. 1, however were very few’ in nuﬁber
and rather crude 4in character 'and the writer believes ..
that the high values of G obtalned from them represent
not so much an error in the accepted value for that prop—
erty as lack of complete applicability of the formulas’
from which they were computed, . Some additional sources
for the discrepancy mugt b8 looked Tor.

While it is clear..that it ie incorrect to neglect
the effect .of restraing, against warping, it 1is mot so
clear that the method used to account for that factor is
the correct one, .In the development of his formulas,
Timoshenko assumed complete restraint against warping-ef'
the cross section at the supported end, - This, howeve¥,
is an 1deal condition which could: hardly be. attaine& in
a test. ~ On the other hand, deviation friom the.ideal. con-
dition would res@lt in an’ actual stiffness less 1nstea&
of greater than that computed. Similarly, the measure-:
ment of the length of the specimen:from the face of the
support would tend to increase the computed stiffnesgses.
Both these factors would thus cause. dlsCIBP&hClBS in the
opposite direction from thoee oBserved. ' ;

.-

There is a poselblllty, however, that in eome manner
which the writer has been unable to visualize the con-— ,
struction of the &upport was of euch character that the
specimen was not subjected to the constant torsional -
moment assumed in the analysis but to a varying torque of.
lower average intensity. . Another possibllity is that the
theory expressed in Timoshenko's formulas is incomplete.
and that a more refined theory would 1ndicate greater
stiffnesses.
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On the whole it must be admitted that -these tests
failed to indicate a. satisfactory method of computing
the effect of- 1ightan1ng holes on the torsional gtiffness

" .of channels. On the contrary, they serve mainly to indi-

cate some of the diffleulties attendant upon an experi-
mental deternination of torsional stiffness 'and cast .some
doubt on the validity of present methods for computing
the torsional stiffness of unlightened channsls. 1In so
doing they emphasize thé desirabi]ity of additional ra-
search in thisg field. . . :

coﬁCLUSIONs

1. The position of the centroidal -axls parallel to
the back of a channel 1ightened by unflanged holes and
the moment of inertia about.that axis can be computed by
aasuming the actual width of back reduced by

<O 2 + 1.5 —-> where D is the diemeter of the 1ight—'

ening holes, P is the pitch of tha holes, and b is
.the distance between the midlines of the flanges. ’

2. For a_more conservative figure the assumed effec—
- tive reduction in the width of back may be taken as

2
<O.7 + g? D or D, whichever is the smaller,

. 3. The moment of inertia obtained from the procedures
of conclusions 1 and 2 may be used for the practical sessti-
mation of deflections, or of c¢ritical loads according to
the Euler formule. -- T :

4. In computing the effective stiffness about the

. axis of symmetry of a..channel with unflanged lightening

‘holes, the effect of the hole may be dlsregarded for most
purposeg. If a more conservative figure 1ls desired, even
when D /Pb is large, there is no -indication that the
velue of I for the cross section need be reduced by
moré than tDs/lz where t 1s the thickness of the
material. i .

5., The deflection due to shear deformation of a
channel with unflanged lightening holes subjected to
loads parallel to the back may be estimated for practical
purposes from the relation, :
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.

W v dx co
s, =1/
_ S J vt e
where ) L s T Do
8 4 deflection due to shear defofmation _ _
8 shear on a section due to a unit load at point for ’
which deflection is being computed
v total shear on a section
K 0.5 — D°/Pb
b distance between midlinés;d?'chanﬁel flanges.
t thickness of material of channel
G shearing modulus of elasticity

6. The position. of the shear center of a channel
with unflanged lightening h#les is farfther from the wed
than for a similar channel without holes. For design
purposes the shear center of the lightened channsel may
be assumed to lie between its theoretical location for
the corresponding unlightened channel and a point 10 per—
cent of the flange width farther from the back.

7. Specisl precautions are necessary if reliable
flgures for the effective gtiffness of beams are to dbe
obtained from cantilever tests. Though reasonable fig-
ures for stiffness in bending were odbtalned from canti-
lever tests, attempts to correlate the apparent torsional
stiffnesses with theory were unsuccessful. How much this
lack of success was due to defects of test procedure and
how much to incompleteness of present theory could not 5
be determined, - =

Stanford University,

Stanford University, Calif., March 15, 1943,
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APPENDIX

Thig appendix is limited to a few sample log sheets

used in enalyzing the test data which are referrsd to in
the section on Apparatus and -Test Procedure. Curves
uged in analyzing the test data are given as figures Al,

A2

1.

3,

and A3,

REFERENCES

Niles, Alfred §.: Experimental Study of Torslonal
Column Failure. T.N. No, 733, NACA, 1939,

Barlov, Howard W.: A Fixture for Obtaiﬂiﬁg PiﬁeEnd-
Condltions in Column Testing. - Jour. Aeron, Sci.,
vol. 7, mo. 2, Dec, 1939, pp. 72-T74. _

Niles, A;fredis,,,énd Newsll, Joseph S, : Airplane
Structures,s” Vol., I. John Wiley & Sons, Inc.,
B4 éd.., 1943, - - T

Timoshenko, S, Strehgth. of Materials,  Pt. II. _
D. Van. Nostrand Co., Inc., 2d ed., 1941, Pp. 282-
,293. . ' _



Table 1

Spooimen Dimensions

—t e e o e e —— - -

Table 1 = Copiinued

s P 3 4 6 ' 8 7
Specimen| B 3 t D P 1?/rb +6 2~1 7/8 | 0.0624 | 1-7/18 | 4~ 0,188
+7 g1 /4 | 0.0621 | 1-5 &) 0,167
1(a)| ® 3 4 5 & . 7 +3 2-1;4 1-1@ 0.0612 1;‘2;11: 4-1;2 o.ﬁs
49 1-3/4 7 0,0586 “4-1/8 | 0,116
=0 2w 7/s | -0.,0802 | 1-7/16 g-1/4 | 0.580 + ~174 L0595 11716 | &1 0,088
BEIEIE IEE A e e e
-2 2 «048 - . +11 21, 7/8 | 0,0684 | 1-5/18 | 2-1/4 | 0,513
-3 1e-1/2 v/s | 0.0421 | 17/i6 | 8174 | 0,374 +12 2—1@ 1-1/4 | 0.0618 | 1-8/16 9-11% 04313
-t e-1/2 7/8 | 0.0818 | 1-7/16 | 2-2/4 | 0,372 +is 5-11,/'3 1 7t 040611 1-5;115 2-1;4 0,313
- +14 2-1/8 & 0,0621 | 1<5/16 | 2=1/4 | 0.315
] 2.1/2 - v/e | o.oes8 | 1-7/16 | 2-1/4 | "0.871 " 0
-8 ﬂ-% i"’j" 0:851?3 ;::i ﬁ g: %: g:ggg +15 212 12 | 0,0618 | 1-3/16 | 2-1/4 256
-7 2 0,048 . +18 g | 1-1/8 | 0,051 | 1-5/16 | 2-1/4 | 0.286
-8 | 2-2/2 3/4 | 0,051 | 1-1/2 | o1/ | 0.283 47 1—%54 %/ 0.0594 mﬁs a-%‘h 0,251
-9 e-1/2 876 | o0,0486 | 1-1/2 3-1/4 | 0.882 +18 ;:;.54 g;e 0,0680 1_1.;15 a-%ja. o.gg
: 9 3 s | o,0807 | 1-7/18 | 2-1/4 | O,
-10 21 1-1/4 | 0,0612 | 1-1/4 4-1/4 | 0,160 4*® 1/e 8 | O ~ .
-1 B.lﬁ 1 1ﬁ o:gggqg 1.312: ’"iﬁ 8:ﬁ o | &1/ 7/ 0750 | 1-7/718 | 2-1/4 | 0.379
~12 2-1, 3/4 | 0. 1- 4 . 421 2= 7 0.,0848 | 1-7 2-1/4 | 0.380
-15 9-1% B5/8° | 0.0470 | 1~1/4 4u1/4 | 04150 22 a-ll,/lg 1-1,//2 0,0515 Lsﬂﬁ :.-1354 0,385
-14 | 8a1 1-1/4 | 040600 | 1-3/4 | 3-1/4 | 0.384 5 | edfe | 1-1/8 | 0.0521 | 1.5/ | 3-1/4 | 0.385
1 |2-1fs |2 00405 | 1-3/4 | 3-1/4 | 0,384 pres 2";1[//3 t 7/8 o oeas Ji"a/ A /A ooas
- . 2= » ~-3/4
B OBE |y 68| b | B i e | v | o
-17 2- 5, +048 -5 . » 426 o-1/8 s3/¢ | 0,0618 | 1-3/4 8-1/4 | 0.386
~18 2-1/8 | 1174 | 0,0807 | 1-1/4 3-1/4 | 0,196 427 21/2 5§a 0.0619 1-5;4 . 5—%{'4 04388
-9 |22 |1 0.0508 | 1-1/2¢ | 3-1/4 | 04196 e E/a 1-% 00518 :1.-5//;.6 5-11;4 0,217
9 1~ 0,05 1-5/16 | 3-1/4 | 0.eL7
«20 2-1/2 5/4 | 04,0512 | 1-1/4 5-1/4 | 0,188 430 0 _B .
=20 g:Ji/ 5 ;a 8:£g§ i'igi & iﬁ 8:,332 2-3;/2 1 . 1-B/18 | 3-1/4 | 0.217
~£2 1 ~1/4 N - v 451 8- 7/8 | 040623 | 1-5 3-1/4 | 0,217
=23 2-1/8 1 0,0488 1-1/4 2-1/4 | 0,283 -| 452 =1 544. 0:0516 1=5 5-:11';4 0,217
-24 |2-1/2 s/4 | 0,0508 | 1-1/4 | 2-1/4 [ Oe28% g.-; zz--l/2 L:Jsja 0.0619 | 1-B, 3-1/4 | 0.217
Bul 4 | 0.0518 no holes 0
~25 2-1 5/8 | 0.0500 | 1-1/4 2-1/4 | 0,288 e 2 1~ 0,050 |-———memd0 —meromem 0
w26 9.-1//2 11/4 | 0.0B17 no holes ‘0 - 1’;9 W8 O %
w2 g-1/2 | 1 0,0500 do -~ 0 368 2.1/8 0,0511 - do Q
28 2-1/2 3/4 | 0.,0816 do o 87 2-1/2 3/4 | 0,065 do 0
~29 2-1/2 5/8 | 0.0808 - a0 0 m a-:::ﬁa 1-1/4 3.0519 1-5/16 | £-1/4 3.513
8- - 05 ~5 3
I% o ’iﬁ . ;B 8'8222 1_.; 15 | 25 % 8";"2,23 fe | 1-1/8 0521 | 1-5/16 | 2-1/4 #5315
- ) 3/4 0541 | 1~ 2-5 . +H1 P |1 0,0822 1-6/18 | 2-1/4 | 0.313
-ﬁ g—%ﬁ 1-%3 8'82%;‘ 1ﬁﬁg g—_‘gfg g-%‘g 2 a—lllfg s/4 | 0.0523 Lsﬂs 2-1/¢ | 0,313
- . 45 0,05 - 045
46 | 1-1/4 s/8 | 0,0600 | 11718 | 2-5/8 0,151 »1/e 5/ 10629 | 1-5/18 | 2-1/4 »513
& yotation: '

4+ Furnisned by the Bosing Alrcraft Co.

Furaisned by %

ha former Northrop Aircraft, Imc., now

the Il Segundo dlvision

of the Douglas Airoraft Co., Inc. *

ves *ON ©30R TEOTUUOel YOVK

iy




Table 2
Obmarved Values of EIn and !o

Tsbles 2 -~ Coniinued

Obesrved values of RBI 2 1000 Cba, ¥, in inches
from beam bemts of from oolumn from oolumn
tenta of teste of
Chennel | A and 8 {W(2LB) [W(PB} 1A and 8 L4 A and 3 .
(a) 1 2 3 4 b 8 7 a
-0 176 e 0.287.
-l 143 148 0,302
g 114 115,6 [120,0 110 114,1 0,315 |0,528
nd 104 106 0510
4 76,9 | 88.1 | 8.8
= 63,6
5] 313 509 Na464 .
w7 187 170.4 |183,.6 165 180.3 0,338 |0,361
-8 80.8 802 0,247
-8 47.9 '
=10 362
=21 leg 181 0,299
=12 88,0 86,7 0,215
13 50,6 | BL.3 | 6146 ]
=14 279 :
=15 14f | 15543 |1B8,5. 133  [167,5 0,595 -0, 419
-16 “.9 GG.B 70.9 0.312 0-517
-17 42,2 | 44,8 | 44,3
-18 344 538 0,428
~19 189 184,53 |173.5 189 0,511
-£0 84,4 8.8 | B%.8 0,223 [0,234
=21 51,0
-2 336 338,65 (560,0 31 0,419
-25 ie8 178,90 |180.0 O
=34, Bl,9 BlsE | 98,8 0231 |0.044
2D B0.6
-26 482 301 0,338
27 22 2R3.7 |R30.3 22 0,846
=28 101 101 0,186
-39 59,4
Aand 8 ~ Allan and 8illiman ¥ - Wellman
% Fotation:

~ Furnished by the formesr Northrop alroraft, Inc,, now the

+ Furoished by the Boslng alroraft go.

1(a) P 3 4 ) 8 7 8
+1 126.5 | 125,2 138,0 0,323
0 85.8{ 91.1 106,0

3 239 250,68 | 262,5 243 0,407

. 130 | 137 | asm.2 0,330 | 0,366
45 45,0 44,4 44,7 44,3 0,244

46 120

+ 83,8

4g 249 250,0 C.394
+8 136 156,.0 0,348
+10 48,6 BO,Y ! 49,8 67,0 0.251
+11 * 141,4 | 139,8 143,1 0.284
+12 349,2 | 54640

+15 182.1 | 184.5 165.6 0,548
+18 20

+17 124 140.8 0,546
+18 41.7 42.8 42,8 61,7 : C. 240
+19 176 181 0,515

+20 197 158 Q250

+22 367 276 0,513

25 210

24 158,0 | 160.0 157.2 0.407
25 108 RN B . a4 1OVSES
+28 T30 3.0 .
27 43,0 B 4348

+28 542

+29 £72.5 | 266.8 270,85 0.38¢
+30 194,0 | 187.0 107.0 0,354
+53, 150 | 132,65 | 144,0 :

+32 97.1 D.255
453 52.8 | 58,1 55.8 0.185
+54 365,0 0,385
+37 108

439 861.0 D447
+40 262.5 | 267.0 361,0 0.308
+41 17,0 | 201.2

443 Bl5| 53,3 65.8 0,167

(8LB) ~ two-loasd bending

Il Segundo division of the

PB - pure bending

Douglas Alreraft Co., Ino.

av

¥28 ‘OF 930§ TRcTUYCLl VOVH
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Table 3

Investigation of Local Deformation

Stiffness EI 1in 1bs-in®
Channel No. From deflectlons From deflectlons
(a) at load polints 2 inches inside
of load points
-22 ' 330,000 326,000
-23 167,000 169,000
-24 81,200 " 81,600
-25 51,200 50,200
% Notation:

- Furnished by the former Northrop Aircraft, Inc., now the
Il segundo division of the Douglas Aircraft Co., Inec.
+ Furnished by the Boeing Aircraft Co.

Table 4
EI ¢ from Beem Tests with Varying Specimen Positions

El,; in Pure Bending EL,, in "Two Load Bending"
Back down Flanges down Back down Flanges down Max.
Channel - percent
(a) P.C. H.C, P.C. H.C. P.C. H.C. P.C. H.C. asrr,
-7 163,5 161.7 169.4 180.0 170.4 166.8 161.56 169.2 5.5
-15 158.5 160,0 163.5 169.4 155.5 162,65 1568.4 158.4 4.5
-17 44,3 44,2 - 47,0 46,0 44,8 44,5 46,2 46,0 Se9
-19 173.5 201.3 190.,6 174.56 i84.3 194,90 186,0 175.7 1048
+10 - 49.8 48.3 50,0 52.0 50,7 50.3 49,6 51.6 4.0
+31 144.0 134,0 14066 132.7 132.5 133.0 132.5 130.1 245
Av. 5.15
P.C. - Pitch centered H.0. - Hole centered

% yotation: :
- Turnished by the former Northrop aAircraft, Inc., now the Il Segundo division
of the Douglas Aircraft.Ce., Inoc.
+ Furnished by the Boeing Alrcraft Co.
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Teble 5§ .
Test Results )
Bending with load Parallel to Bac
Observed
Obaerved Values of ]!Iy.y minus
Shear-center computed | Observed
distance b Pr
Pure 8imple | Two-load [Cantileve shea x*_/o
Channel | pgngy bending | bending | bending |OtservedComputed| oenter
ng . digtance
1({a) 2 S 4. B 6 - 7 8 9
-0 ¢ 3,120 2,037 1,752 0,348 | 0O.282 0.066
-2 8 1,708 1,410 1,653 Q4322 0.208 0,034 48.4
-3 W 2,395 1,159 1,211 1,324 0.381 0,289 0,092 6l.7
L4 ¢ 4
-5 C 1,004 784.4 67840 04330 0.202 0.038
-6 W 1,800 1,140 1,292 1,972 0,501 0,459 0,042 134.2
-7 8 2,105 1,640 1,761 0.388 | 0.344 0.044 52.6
w 4,740 1,364 1,770 1,805 0,474 0,344 0.130 67.7
-8 ¢ 1,494 1,304 1,046 0,198 | 0,179 0,018
-10 W 3,880 24625 2,295 2,239 0,576 0,459 0,117 113,2
=12 8 1,814 1,478 1,234 0,228 0,232 | -0.004
-13 C 1,636 1,069 0.196 0,178 0,017
s 1,441 1,279 1,343 0.214 | 04179 0,035 28.1
-15 W 2,340 | 1,118 1,422 1,776 0.485 | 0.344 0.141 82.9
-16 W 1,800 1,208 1,203 | 1,459 Oq291 0.232 0.059 62.4
-17 ¢ 1,219 1,003 965.0 | 0,154 | 04179 -0,025
=18 C 2,520 - 1,957 1,618 0.474 0.459 0,015
~19 8 2,070 2,052 1,958 Ca 387 0,344 0.043 57.8
-20 W 5,700 1,364 2,045 1,622 0,311 | 0.252 0.07¢ 55.0
-22 8 2,454 2,063 2,206 04501 | 0,469 0,042 92.9
w_ | 3,800 3,280 835 2,192 0.378 | 0,459 -0,08) 114.9
Table 6 ~ Continued
1 (a) 2 3 4 5 & v 8 8
-24 W 2,566 1,600 1,630 1,603 0347 | 0.232 0.116 75.7
=25 8 1,482 1,279 1:376 C.154 | 0,179 ~0.025 5’?:8
-26 ¢ 1,761 0.483 | 0,459 0.024
-27 C 1,504 Ce369 Q344 0,025
=29 C -1,554 1,112 G.201 0,179 G.022
+1 W 2,900 1,816 | 1,565 1,736 0,351 | 0,267 0.084 82,9
+2 W 2,100 1,447 1,405 1,578 0.262 | 0.231 0,031 | 51,0
+3 8 1,809 1,568 1,727 0.436 | 0,412 0.024 774
1\4 Ig 1,168 1,039 833,40 0,410 0,317 0,093 52.0
5 340.8 304,56 258,8 04205 0.223 -0,018
+6 8 1,881 - | 1,891 1,824 0.308 | 0,287 0.021 65.0
++Z g 1,769 1,563 1,247 0,283 0:252 0,021
2,240 2,235 2,046 1,459 0,531 | 0,412 0.119 770
+3 C 922,0 87540 699,0 0,286 G 317 ~0.031
w 1,080 986,0 924,0 852,0 0.367 Q317 0,050 55.8
+10 C 362,0 3lle4 272.4 | 0,192 0,223 -0,031
11 g 3404,0 27440 7 306,00 303.0 .0:250 0:225 0.027 24,8
2,485 1,645 1,642 1,670 0,436 | 0,287 0,149 69.2
+12 8 2,762 2,304 2,247 0,523 0,459 0,064 90,0
+13 W 3,600 1,725 1,845 1.913 0.436 | 0,345 0,093 B4.1
+1l4 C . 1,261 D.257 0,232 0,025
» L] .
+18 C 1,308 1,200 91l1,0 0,104 0:12’7 -0,023
+16 C 1,841 1,420 1,267 0,384 O.412 -0.028
ay YB( %,gge 1,557 1,829 0,444 0,412 G, 032 T9.4
2223 1,249 1,087 861l.0 | 0,425 0317 0.108 51,0
+#18 W 497.0 27440 318,0 296,0 0,308 0.223 0,088 22.4
:‘]a.g g 1,705 C.282 0,282 4]
eog 1,664 0.346 | 0.283 0.063
g g,;gg 1,499 0,390 0,286 0,105
, 2,052 2,048 0,380 | 0,285 0.105 86,4
. C = Qarah and Park 8 --8carbrough ¥ - Wellman
Notation: = Furnished by the former Northrop Aircraft, Inc., now the Il Segundo

division of the Douglas Airoraft Co., Inc.
+ Furnished by the Boeing Aircraft Co.

e
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Table 5 = Continued

51

1(a) 2 3 4 5 6 7 8 9
+22 8 2,360 1,630 2,023 0,487 04,459 0.028 7445
+23 8 2,008 1,611 1,922 0,456 0,401 0,055 6744
424 W 4,420 1,450 1,593 1,748 Q.466 0,343 0,123 78B.4&
+25 W 2,190 1,198 1,358 1,592 0,366 | 0,287 0,079 47.0
+26 W 2,075 294,0 1,193 1,325 0,296 04232 0.064 474
+27 8 1,279 ol,126 1,278 06173 0,178 =-0.005 31l.8
+29 W 4,160 2,110 2,055 2,087 0,491 | 0,401 0.080 78,4
+30 W 2,796 1,682 1,820 1,806 0,456 0343 0.113 73,5
+31 8 1,832 1,593 1,835 » 04303 0287 0,016 50u4
+I32 W 2,480 1,469 1,543 1,856 0,276 0,232 0,044 4942

: +33 W 1,800 1,173 1,305 1,366 0.198 | 0,178 0,020 20,3
+34 C 2,560 2,292 1,762 Q4467 0,459 0,008
3 2,648 2,418 0.496 Q4459 0,037 100,45
w 5,R70 1,970 2,835 2,323 0,566 04459 0,087 85,1
+35 C 2,356 1,629 0,393 04,401 ~0,008
+36 C 2,195 1,633 04337 04343 -0,006
+37 C 1,273 0e218 OeR32 ~0,014
+38 W 1,770 1,230 1,264 2,151 04871 04469 0,112 128,3
+40 W 6,000 1,742 2,445 2,072 04631 | 04401 0,130 98,7
+41 W 3,990 1,635 2,150 2,016 0e451 | 04343 0,108 98,0
+42 C 2,011 1,229 0,228 0e232 -0.004
43 W 1,450 1,135 1,211 1,454 04221 0,178 0.0@3 49.8
0 - Carah and Park - § - 8carbrough ¥ ~ Wellman

& yotation:

— TFurnished by the former Northrop Airoraft, Inc., now the Xl Segundo divislon
of the Douglas Aircraft Qo., Inec.
4 Furnished by the boelng Alrcraft CQo.

Table 6§

Critical Loads

ChesSh1 | Lengtn Mg Pl | p Mk | p K. p
Runmber (m') (lb.kb’ (lb-)(b) (lb-)(b or (p
-5 32,06 34 20 24 0,412
- 8 3Le75 58 33 76 o431
-12 31l.12 78 60 90 .
+ 5 5L.78 32 23 37 «281
+ 9 32,09 100 77 87 » 130
+)0 32406 43 35 32 «419
Pon is .the- experimental buckling loed when spplied at
the shear center,
(b)< Pyp** 'ti the experimentel buckling load when applied at

s:oentrold of the mection.

Pop*** 15 the computed value of the
applied at the shear center.

2 Notation:
Furnished by the former Northrop Aircraft Go., Inc.,

now the El Segundo division of the Douglas Aircraft Co., Inc.
+ Furnished by the Boeing Aircraft Qo.

eritlical load, to be
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Table 7

e n

834

Obse Iyn/t—from, Computed I ./t from Obs. Computed Y, from
Beam | Column |  pop | pgapt| ‘De=D" Y Dg=D | Dg=D! | Dy=D"
Channel teste tests ;] 9 e o e © [
1 (a) 2 3 4 5 6 7 8 8 10
-0 A 0,21%2 | 0,2155 | 0.,1930 | 0,2132] 0,1930 Q287 0.303 | 0,274 | 0.303
-1 A 0.2248 | 0,2263 0,2004 | 0.,2216| 0,2004 | 0,302 0.296 | 0.266 | 0,296
-2 # 8.2281 0.2202 | 0.2062 | 0.,2281| ©0,2062 | 0,315 0.291 | 0.261 | 0.291
2311
-3 A | 0.2398 ] 0.2445 0,2092 | 0.2311| 0.2092 0.510 | 0.288 | o.e58 | 0.288
w 0,263 0.326
-4 A 0,2310 0.2137 | 0.2361 | 0,2137
W | 0.2498
-5 A 0.2410 0,2160 |' 0.2388 | 0,2160
~6A | 0,5024 | C.5848 | 0.,5400 | 0.6310 | 0.,54%0 | 0,454 0.468 | 0.405 [ 0.464
~7 A | 0.,3542 | 0.3303 0.2925 | 0.,3439 | 0,2949 0.338 | 0.352 | 0.299 | 0.346
W 0.5409 | 0,3389 0.361
-8 4 | 0,1510 | 0,151% 0.1294 | 0.1526 | 0,1312 0.247 0.245 | 0.203 | 0.242
-9 A | 0,0037 0,0781 | 0,0913 | 0,0789
-10 A 0.6860 0.5830 | 0.6860 | 0.6170 . :
=11 A | 0.3678 | 0.3658 | 0,3155 | 0,3695 | 0.3320 | 0.299 0.327 | o.27:_| 0.310
-12 A 0.1688 | 0,1635 0,1414 | 0.1649 | 0.1489 0.215 0,225 | 0.181 | 0.210
-13 A | 0.1025 0.0851 | 0.0987 | 0,089
W | 0.1060 ,
-1¢ A | 0.5420 0.4876 | 0,5650 | 0.4875 | °
~15 A | 0,2902 | 0,3001 | 0.2619 | 0.3063 | 0.2619 | 0.395 | 0.384 | 0.358 | 0.384
W | 0.,3050 | 0.3089 0.419
Table 7 - Continued
1 (a) 2 3 4 5 8 7 8 9 10
~16 A | 0.1265 | 0.1264 | 0,3166 | 0,1364 | 0.1166 | 0.312 | 0,270 | 0,235 | 0.270
w : Oe1342 0.317
-17 0.0842 0.0705 | 0,0825 | 0,0705
W | 040893 }
~18 A | 0.6585 | 0.6473 | 0.5850 | 0.6760 [ 0,6030 | 0.428 | 0,437 | 0.376 | 0.421
~19 A | 0.,3625 | 0.3626 | 0.3185 | 0.3645 | 0.3266 0.311 0.327 | 0.276 | 0.315
W | 0.3537
-20 A | 0.1601 | 0.1545 0.1411 | 0.1617 | 041461 0,223 0.224 | 0.186 | 0.215
W 0,1892 : 0.234
-21 A | 0,0982 0,0846 | 0,0966 | 0.0876
-22 A | 0.6635 | 0.58862 0.5830 | 0,6535 | 0,5870 | 0,419 | 0.437 | 0.390 | 0,435
w | 0,56380
=23 A | 0.3341 .0.3172 | 0,4060 | 0.3188
W | 0.3560 _
-24 A | 0,1562 | 0.1554 0.7418 | 0,16%79 | 0,142 0.231 | 0.225 | 0,194 | 0.222
W 0,1903 ) 0,244
~25 A | 0.0982 0.0896 | 0,0940 | 0.0852
-26 A 0.7924 | 0.7343 | 0.7420 | 0.7420 | 0.7420 0,332 04332 | 0.332- | 0,532
i 27 A | 0.4310 | 0.4313 0,3991 | 0.3961 | 0.3991 | 0,246 | O.241 | 0.241 | 0.241
W | 0.4341
| =28 A 0.1923 | 0.1906 | 0.1756 | 0,1756 | 0.1756 | 04186 0.161 | 0.161 | 0.181
{ 29 A | 0.1143 0,1041 | 0,1040 | 0.2041
D41 W | 0.2352 | 0.2566 0.,2050 | 0.2327 | 0.2050Q 0,323 0.892 | 0.254 | 0.292
1 42 W 0,1502 | 0,1884 | 0.1378 | 0,1561 | 0,1396 | 0,257 0,230 | 0.196 | 0.286
i +3 4 | 0,4516 | 0,4590 | 00,4210 | 0,4748 | 0,4205 | 0,407 | 0,403 | 0.351 | 0.395
: W 0.4732 .
+4 A | o.2121 | 0.2235 | 0.1828 | 0,215¢ | 0,102 | 0,330 | o.,522 | 0.275 | o.312
L W 0.2483 04355
A - Allen and Silliman ¥ - Wellman

& Notation:
~ Furnished by the former Northrop Aircraft, !nc.. now the El Segundo divislon of the

Douglas Alrcraft Co., Inc,
4 Furnished by tne Boeing Alrcraft Co.
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Table 7 - Continued
1 (w) ) 3 4 B 6 7 8 ] 10
+5 A O.S;OB 0.,0728 0,0608 | 0,0748 | 0,0862 O4R44 0e839 | D 800 | O.2RE
W 0.0730 ’
+6 A 04,8409 0,80680 0,471 0.R1656
+7 A 0,1848 0.1250 041629 | . 0,148% .
+8 A 0L 4721 0,4110 00,4930 O.4388 0.403 0,336 0,382
w 044811 0.3%4 .
+0 A C.B2b52 0.1824% 0.2238 0,19068 0,322 079 °1.1.] 04302 +
L. 0.,2568 0,348
+J0 A Q,0762 0.08086 Q. 0770 0,0684 0.239 0,198 0.RRB3
w 00,0826 00,1093 Oe2Bl
+11 9 0.R2818 Q.,26851 00,2131 0,8381 0.2131 Q204 Q.880 OeR47 0.280
+12 W 0,0:32 0,5730 046110 0,8730
+13 W 0,3460 | 0.3717 0,3003.] 0.34468 1 00,3002 0.348 0.334 | 0.898 | 0,334
+168 A 044807 064110 | 00,4868 | ©.4310
+17 A 0,207 0.,1817 | 0,212 | 0,1B79 Q.,328 | Q.B790 | 0,314
w 00,2449 0345
+18 A 0,0688 0,0008 0,0738 | "0,0840 0,839 Q.20 O.BE8
W 0,0704 | 0.1Q18 : Qx40
+16 A 0.2108 D.2178 C.1827 O.2138 0.1927 04313 0.303 Q.274 0,303
+20 A 0,R089 | 0,£101 0.1963 | 0,8170 | 04,1883 04,280 0.300 | O.R71 | 0,300
+22 A 045410 | 04,5203 0,48680 | 0,5850 | 0.4860 0,513 0,803 | 0.450 | 0,503
+23 A 043913 00,3830 044233 0,3630
+24 W 043000 042887 0.2811 0,3048 Q.2811 04407 0. 385 0.339 0,388
+25 A 0.1968 0,1798 00,2102 0.1706 0,387 Q.288 0.3287
k) 0,2108 0.363
+26 W 04,1568 O,1188 0,1368 0,1188
+27 A 00,0804 0.0898 0,086 0.,068%98
W 0,0819
Y| I oo | SIS SR I | 4
. . . . 9 . 92 - 0. -
tgs w 0:5552 85 a78 8.53%8 Zg 0.5190 0.354 8.352 0.383 O.gzg
Table 7 - Contlnued
1 (a) 2 5 4 5 € 7 8 9 10
+351 A 04,2413 0,2134 0.2472 042203
\ 042460 .
+32 W ‘ 0,827 0,1384 0,1696 0,1439 0,255 04229 04289 0221
+33 W 0.0988 041006 00,0828 0,0951 C.0847 0,183 0,180 0.147 0,173
4 W 0,8617 0.7425 0,7425 0,7425 0,363 0,332 0.332 0,552
+37 A 00,1912 00,1756 00,1758 0,1756
+39 W 0,4882 0.5730 | 0.6400 0.5%30 0,447 04444 0,599 O, 444
+40 W 0,.4885 0.4864 0.4282 04791 0.4282 0,398 0.389 0,347 0,389
+41 W 0,.4049 043098 0.35454 0.,3098
43 W 00,0964 041227 00,0826 0.,091¢9 0,0828 C.187 0,180 0.158 0,180
A - Allen ani Silliman ¥ — Wellman -

® Xotation:

- Furnished by the former Northrop Alrcraft, Inc., now the El1 Segundo division of the
las Alrcraft Co., ] _ .

Doug

Inc.

+ Furnished by the Boeing Alrcraft Co.
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Table 10. Oomparison of QJomputed and Obgerved Dsflections
Bimple, Oantllever, and Two Load Bepding
b .- - .
Simple Bending Cantilevor ngd;n; . Two Load Bending
Channel Comp, Obas, Percent Compe Obs, Percent Comp. Obs. Percent
EL B Bt error B8 FtS srroxr BtS Et:d Erroxr
¢ t t A & €
1 (a) 2 5 4 5 6 _ 7 8 9 10
-0 C 26,880 | 27,690 247 68,530 | 104,180 53.3
-2 8 24,880) 23,360] ~641 53,950 53,8401 -0.2
-3 W 26,410| 25,520 0,4 51,6870! 56,340 L2 R 8,521! 8,972 5.3
=5 C 24,7801 £5,880] ~3.7 65,210 84,970 3444
-8 W 18,400] 31,630] 172.0 38,170 | 46,140[ 17.8 6,284 10,257 63.2
-7 8 20,310 - 20,100| -2,0 47.260] 50,520 6.9
w 20,960 25,000 193 $ 670 47,640 4.3 7,228) 7,077 -2,1
-9 G 27,490 26,730 =L.8 78,330 ( 106,670 | 36.8
-0 W 16,870 a7 ~18.7 38,060 40,520 5,5 5,901 5,769} -B.4
-12 ¢ 23,3550 24,270 5.9 68,730 | 92, 35,1
-13 ¢ 76,880| 100,810} 31.1
8 25,060 £5, 430 1.8 62,960 85, 470 4.0
«-15 W 24,540 31,110 26.8 49,340 49, 420 248 8,125 8,985 10.6
=16 W, y 29,880 g 58,170| 62,%€0.{ 7.2 9,660 11,008 15.6
«17 C 30,940 | 38,140 10.3 80,870 | 113,490 49,2
-18 C 17,220 | 18,220 5.8 48,2350 ] 70,520 46.2
-19 8 19,250 | 16,750] ~13.0 46,560 | 47,410 1.8
~20 W 23,760 26,390 11,1 54,730 55,920 2e2 6,378 6,461 -22.9
-22 8 17,860 16,960| «B.0 40,570 42,860 5.7
W 18,430 11,040 | ~40,0 39,200 41,860 63 6,292 | 15,9818] 15%.0
~34 W 24,900 22,580 -10:1 56,510 { 56,520 b 8,666{ 8,083] -7.0
-25 8 26,640 | £6,580] -~De2 64,290 | 66,740 3.8
-26 C 47,420 66,040 359.4
-27 C 65,780 | 74,820 34.2
-29 C 76,600 ) 102,180 1 33.4
+1 W 23,750 R2,720] w43 80,930 | §3,320 4,7 9,154 ( 6,611 5.9
42 W 24,740 ) 26,200 8.2 55,590 60,780 9.3 8,638 9,839 15,1
+3 8 22,990 | 22,280 -3.1 54,870 54,610 =05
+4 W 48,5501 40,280 ~17.0 114,820 | 126,560 10.2 17,334 | 16,397| ~11.2
+5C 134,460 [ 136,300 b Y 417,680 | 512,820 | 22.8
+6 8 20,800 | 21,050 0.7 51,100 | 52,710 3.1
+7 C 23,450 2800 1e® 68,910 | 94,000 3644
48 W 22, 660 16,200 [ 29,0 52,200 62,180 19.1 7,997 6,461 -19.2
+B ¢ 47,500 | 47,020 ~1.0 144,130 | 186,490 | %0.7
w 47,500 41,790 | ~12,0 115,880 { 121,800 7.0 17,069 | 16,37% -£,0
+10 ¢ 122,660 | 133,100 845 418,020 | 490,920 | 17.4
w 122,660 | 152,700 | - R4.5 329,770 | 348,420 . Ba7 48,654 | 50,2346 3.2
+11 W 25,450 | 22,560| -446 50,720 | 85,580 9,6 8,061 | 8,235 2.2
+12 8 18,470 15,270 «17.5 41,040 42,310 el
+15 W 21,710 ,8 sl 46,330 | 47,390 2,3 7,422 | 7,156] 3.6
+14 C 70,610 92,080 [ 31,6
+16 © 30,510 | 30,320 =0.6 89,240 [ 127,830 | 45.5
+16 C 24,460 | 25,500 443 67,400 { 91,440 | 35.6
8 25,700 | 22,490} =b.1 55,420 | 58,050 4.7
17 " 49,080 38,320 | =26,0 115,260 | 122,160 6.0 17,464 | 14,3685 ~17.7
+18 W 123,850 } 151,400} 22,2 350,640 B 48,952 | 47,83 -2,3
+19 0 ? 88,670 {106,610 seed ’ »528
+20 C . 8,7 45,5
+21 C y 87,070 97,220 45,0
8 28,660 | 1,460 | -1644 86,410 5 4.9
+22 8 21,340 | 21,480] 0,7 43,220 | 48,730 8.1
405 8 22,620 | 21,980 ] 2.4 46,400 | 49,780 7.5
24 W 24,640 { 24,780 046 48,470 | 51,840 7.g 8,185 | 8,259 1.3
+25 W 26,370 | '80,740'} 16.6 52,860 | 58,270 { 10, 8,702 | 9,971 15.4
+26 W 28,510 | 96,610 28.4 58,280 | 69,290 ! 19.0 9,67% 111,208 { 17.1
427 8 50,220 | 51,520 246 67,160 { 74,560 | 21.0
26 W 18,690 17,320 -7eS 41,580 44,1350 8, 8,800 6,630 0.5
+30 W 20,13Q 21,710 7e9 45,190 48,620 7.6 7,026 7,373 4.8
431 8 21,170 22,320 Lot 51,310 52,330 240
+32 W 23,990 | 24, 2.9 54,930 ,180 0.5 8,445 | 8,626 2.1
+33 W 26,630 1 31,100 16,7 61,820 67,310 8.2 9,420 {10,269 9.0
+54 C 16,140 15,880 =1.5 47,420 66,120 G0e4
S 38,860 [ 39,320 1.2
W 16,140 | 18,480 | 14.5 37,530 | 59,500 5,3 5,718 | 4,714 | <17.6
+36 C . 51,320 | 72,310 | 40.9 .
+36 © 55,910 | 75,070 | 34,2
+37 C 68,270 | 92,490 ) 35,5
+359 W 18,060 29,670 86,8 30,660 | 42,770 7 6,450 |10,690 65.8
+30 W 20,270 | 21,030 347 42,7350 | 44,580 403 6,897 | 5,501 [ ~20,3
41 W 21,720 | 22,380 34,0 46,340 45,910 | -0.9 7,423 6,267 | -16,6
+42 C 70,6810 95,830 35,7
+43 W 28,210 32,170 14,0 62,770 64,180 22, ‘P.814 §33,072 ) 12.8
¢ ~ Caral and Park 8 — Boarbrough ¥ - Wellman

& Yotation:

- Furnished by the former Northrop Aircraft, Inc. now the
¥l Segundeo division of the Do
+ Turnished by tane Boeilng Airer

a8 Aircraft Co.

t Co.

y Ine.
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Table 11
Torsional Stiffness of Specimens
eJ -
Computed Computed .
Obe Ob~

Specimen gerved We=W | WetweD Won¥W | Wo=w=D we=W | Wo=w-D | gerved

1 (a) 2 X 5 4 5 6 7 8 9
-2 8 1,507 588 377 18.82 12.91 37.1 2942 48,4
-3 W 1,720 388 248 11,02 8.51 35,0 29,1 61,7
-5 W 3,740 824 564 8,78 6.81 9368 82.8 154.2
-7 8 1,637 624 404 13,70 10,89 45,6 37.1 82,6
L 1,888 824 404 11,00 8.98 58,8 45.0 67,7
=10 W 3,158 819 603 8.02 719 £0,8 83,9 113,.2
=13 8 874 495 319 20,24 1%7.76 24.5 18.0 28.1
«15 W 2,310 862 390 11,23 8.24 59,0 47435 82,9
-l6 W 1,460 880 347 16,52 11l.89 41,9 28.2 52.4
-18 8 1,800 707 499 14.29 12,00 45,6 41,8 57.8
-20 W 1,632 648 431 16,49 13,19 41,7 32,7 58,0
-22 8 2,801 8353 814 11.26 9.34 7440 85.8 82.9
w 34200 833 814 8.83 7.27 94.4 84.5 114,9
-24 W 2,110 636 424 15.41 13,11 41,2 32+4 6.7
25 8 1,172 862 362 20,72 18,30 27.1 19.8 37.6
+1 W 2,310 751 468 14ée84 12,04 49,9 3849 82.9
+3 W 1,420 7681 495 16,16 13,73 47,0 36,0 51,0
+3 8 2,410 741 534 14,02 11,87 53.8 48,0 TPk
+4 W " 874 €23 18,54 18790 47.2 5649 52,0
+6 8 2,023 739 474 17.74 15,01 41,7 31.5 85,0

Table 11 - Continued

1 (a) 2 3 4 [ 8 7 8 9
+8 W 2,145 733 528 11.22 G433 85,3 56.8 77.0
+ W 1,560 836 597 18,38 18,71 45,6 55,7 55,8
+10 W 692 604 418 23.18 22,24 2641 18.8 24,8
+11 W 1,930 739 497 14,67 12,36 50,4 4042 66,2
+12 S 2,830 848 814 ,11.33 9430 74.8 66.0 90,9
+13 W 2,348 728 B03 11,63 Q.46 62.6 53.2 84,1
+16 8 2,470 746 537 14.08 11.90 53.0 45,1 79.4
+17 W 1,420 870.( 820 18451 16,89 4740 5647 5140
+18 W 624 589 407 23414 22.19 35.4 1843 22.4
+21 S 2,690 1,387 886 19.38 16,75 71.6 52.9 86.4
+22 8 2,520 L 833 526 11.25 8e44 74.0 62,4 74.5
+23 S 2,100 817 500 12,83 9.76 63.82 8l.2 6744
24 W 2,185 728 428 1ll.62 8,58 B62+6 49.8 78.4
25 W 1,310 736 414 l14.66 11,28 50,1 367 47.0
+26 W 1,322 » 870 357 15463 12,01 42,8 29.8 47.4
+#£7 8 980 629 3514 21l.11 17.27 28.8 i8.2 Sle8
+28 W 2,185 812 576 10.28 8434 7920 69,0 78.4
+30 W 2,043 767 530 11.83 9.88 64.8 54,8 73.35
+31 8 1,569 735 494 17.72 15.21 41,5 2.4 50.4
32 W 1,372 662 430 15.60 13.13 42.8 32.8 49.2
+33 W 840 629 353 17,94 15,49 6.1 25.3 23.0
+354 S 3,130 848 848 11,32 11,32 74«9 74,9 100456
w 2,680 848 848 8,91 8491 95,2 95.2 96.1
+359 W 3,576 853 617 8,93 7«21 85,5 85.6 128,3
+40 N 2,750 817 679 10,31 8437 79«2 69.2 98,7
+41 W 2,730 ™7 537 11,88 D472 66,4 55.2 98,0
+43 W 1,388 629 393 17.94 15,49 3541 2844 49,8

8 - Soarbrough W - Wellman

& Notation: - Furnished by the former Northrop Aireraft, Inc., now th
: . e EL gund
of the Douglas Aircraft Co., Igc. ' ’ s o division
+ Furnished by the Boeing Aircraft Co.
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TABIE A=l

Sgmple Data Sheet

Bending Test

Channel No. +31,

BL

Tast No.

Tare Load = 10 lbs.
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Figure 1.~ Specimen dimensions
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NACA Technical Note No. 924 : Figs. 245,86

Figure 3.~ Setup for Allen and Silliran
test in pure vending.

Figure 5.— Beam-support detail Figure 6.— Roller pad assembly.
used in Allen and
8illiman tests.
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Figure 3.~ Loading arrangement for pure bending tests.

Fig. 3
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Figure 4.-

Apparatus Used for Pyure Bending Tests
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Figure 7.~ Loading frame.
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NACA Technical Note No. 524 Figs. 8,9

Figure 8.— Beam—support detail
used in Carah and
Park tests.

Figure 9.~ Two views of free end of beam used in Oarah and
Park cantilever tests.
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Tigure 10.— Setup for
: Wellman
" cantilever-neam test.

Figure 14.— Column

end
fitting used in
Allen and S8illiman
testso

Figure 15.— Apparatus
| . for
ﬂeasuring midspan de-
flection used in
Allen and Silliman
column teste.
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Fig. 11

_~ Channel
/, -.
h — =]
LU - - AR nevens RSN
Moter stick - 7
- Mirror J—
- e
n - e e -——_T_‘ iy ~
L-‘F
f
. 7/

Telescope ~

Pigure 1l1.- Method of measuring specimen rotation.
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Figure 12.~ Arrangement of reference bar,
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Figure 13,~ Electrical system for determining deflaction.
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Figu::e 16.— General view of setup used in
Wellman column test.

Figure 17.— Oolumn end fittings used by
Wellman.
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Figure 18.- Typical load against dsflection curve of caanrnel unier axial
compression. -
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Figure R2.- Effoct of initial curvature.
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Computed on Assump+ion That De = D'
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